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ABSTRACT
Over the last decade, the variety of chemically modified fullerenes and their
potential applications has increased significantly. Among fullerene derivatives,
pyrrolidinofullerenes are one of the most widely synthesized types since they can be
easily and efficiently obtained via simple reactions from both empty and endohedral
fullerenes. Although fullerenes in general and pyrrolidinofullerenes in particular have
been considered for numerous applications in electronic and optoelectronic devices,
photovoltaics, medicinal chemistry, etc., their potential application in the evolving field
of molecular electronics has not been extensively explored. The envisioned role of the
fullerenes usually involves storage or transport of electrons. Therefore, studies of the
stability of fullerene derivatives under electron-oxidizing and electron-reducing
conditions are extremely important. In this dissertation, the potential application of
pyrrolidinofullerenes in molecular electronics is addressed. Also, an extensive proton
nuclear magnetic resonance (1H NMR) characterization of pyrrolidinofullerenes and the
stability of different functionalized fullerenes under electrochemical reducing and
oxidizing conditions are investigated.
In Chapter 1, the potential use of fullerenes in single-molecular electronic devices
is discussed. After a brief discussion of the measurement techniques involved in
molecular electronics, the design of a pyrrolidinofullerene-based molecular junction
suitable for single-molecule transistor applications is described. This molecular junction
employs

a

pyrrolidinofullerene

molecule,

in

particular

trans-1

pyridylpyrrolidino[60]fullerene, which possesses a number of unique properties such as

ii

the ability to chemically connect to two electrodes at the same time with a nearly linear
geometry.

A

comprehensive

synthetic

approach

toward

trans-1

pyridylpyrrolidino[60]fullerene is given. This approach can also be used for the
regioselective synthesis of other pyrrolidinofullerenes. Finally, preliminary conductivity
measurements of a fullerene-based molecular junction are discussed.
Chapter 2 describes the thorough
pyrrolidinofullerenes.

1

H NMR characterization of simple

These NMR studies were motivated by the experimental

observation that the resonances of the pyrrolidine protons were broadened significantly.
The effect of the environment on the appearance of the pyrrolidine proton resonances is
investigated in detail. This chapter also includes NMR studies of mixed fullerene bisadducts where one addend is a pyrrolidine-type and the other addend a methano-type.
The ability of pyrrolidinofullerenes, as well as some other functionalized
fullerenes, to undergo electrochemical transformations under electron-reducing or
electron-oxidizing conditions is investigated in Chapters 3 and 4. Chapter 3 addresses the
electrochemical stability of C60 derivatives. First, electrochemical studies of some bismethanofullerenes were conducted

and showed, not surprisingly, that these

functionalized fullerenes are unstable under reducing conditions. Subsequent studies
found that another fullerene species, C60Cl30, was also extremely unstable under
electrochemically reducing conditions despite its remarkable thermal stability. Finally,
pyrrolidinofullerenes were studied and were found to be unstable under electrochemically
oxidizing conditions, leading to the discovery of the electrochemical retro-1,3-dipolar
cycloaddition reaction.

iii

Endohedral fullerenes M3N@C80 (M= Sc, Y) are discussed in Chapter 4. Similar
to empty fullerenes, pyrrolidino derivatives of Sc3N@C80 were found to be unstable
under electron-oxidizing conditions and underwent very efficient retro-cycloaddition
reactions. The other derivative discussed in this chapter is the product obtained as a
result of a cyclopropanation (Bingel-Hirsch) reaction conducted on Y3N@C80. This
conventional reaction, which normally leads to methano-derivatives on empty fullerenes,
gave the first trimetallic nitride endohedral metallofulleroid. The electrochemical, NMR,
and X-ray characterizations of this product are discussed in detail.

iv
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CHAPTER ONE
DESIGINING A FULLERENE-BASED MOLECULAR TRANSISTOR
Introduction
Since the introduction of semiconductors in the second half of the 20th century,
advancements in electronics and technology have been tremendous and continue to
change at an increasing rate. In particular, rapid development of silicon-based computer
chip technology, which overwhelmingly affects all fields of science, has led to numerous
scientific breakthroughs and the appearance of new research techniques. The main cause
for the silicon industry growth was the continuous miniaturization of electronic
components: more and more electronic circuitry was put on a single silicon chip. So far,
this progress of the semiconductor industry has been following Moore’s Law, which
states that the number of transistors per integrated circuit will continue to double every
technology generation.1 Interestingly, at the time when Gordon Moore predicted this
(1965), the number of integrated chips was 30; today this number is on the order of
hundreds of millions. However, the semiconductor industry will soon be facing its
fundamental physical limit since transistors cannot be scaled down infinitely.
Molecular electronics offers one possible solution to this problem. The greatest
degree of miniaturization can be accomplished by using individual molecules as single
electronic components. Simple molecular devices incorporate organic molecules
sandwiched between conducting electrodes (molecular junction). Since the molecules of
interest have dimensions on the order of few nanometers, a greater number of circuit
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elements could potentially be packed on a chip.2 Over the past years molecular
electronics as a field has grown in importance; subsequently the number of molecules
operating as interconnects, switches, rectifiers, transistors, nonlinear components,
dielectrics, photovoltaics, and memories have been explored.3
This chapter will discuss a potential incorporation of fullerenes into electronic
circuitry. The interest in fullerenes for these applications stems from their interesting
electronic properties.

After brief background information on developments and

techniques currently used in molecular electronics, the reasons why fullerenes could
potentially be candidate molecules for incorporation into single molecular junctions will
be discussed. Subsequently, we propose possible designs for a linear fullerene-based
molecular junction. Later, the synthesis and preliminary conductivity measurements of a
bis-pyrrolidinofullerene--based molecular junction possessing the required properties and
geometry will be discussed.

2

Background and Measurement Techniques of Molecular Electronics
Common Measurement Techniques
Building a computer from “bottom-up” starting with individual molecules was
first suggested in 1974 by Mark Ratner and Arieh Aviram of IBM Corporation.4 With the
introduction of scanning probe microscopes, followed by the appearance of new methods
to probe single molecules, “molecular electronics” came to life as a novel field of
scientific research.
Molecular electronics exploits changes in electrical properties of a single
molecule between two electrodes. However, a direct measurement of the electrical
properties of an individual molecule is a difficult task. One must be able to connect the
electrical leads to the ends of the molecule and be certain that the obtained characteristics
are those of the molecule itself and not those of extraneous elements, for example
metallic clusters coming from metallic contacts used to probe the molecule or the
interface contacts.5
Over time, several experimental approaches for contacting individual molecules
were established. One approach involves fabrication of nanometer-scale gaps between
electrodes and insertion of a molecule into the gap.6 A number of methods were designed
to produce tiny gaps in metal electrodes, such as electromigration break junctions,7
mechanical break junctions,8 side etched quantum wells,9 and on-wire lithography.10,11
The shortcomings of these methods were the lack of information about the shape and
structure of metal contacts near the molecule, as well as uncertainty about the number of
conducting molecules in the junction.12
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Another widely used approach involves connecting one end of the molecule to the
conducting surface and making a contact to the other end of the molecule with the
ultrafine tip of a scanning-probe microscope.3 For example, Cui et al. were the first to
report a reproducible method with statistical analysis, using a conducting atomic force
microscope (AFM), where one end of the molecule was anchored to the gold substrate
and the other end attached to a gold nanoparticle.13 A number of methods use scanning
tunneling microscopy (STM) by forming molecular junctions in which molecules are
chemically bound to two gold electrodes. Tao et al. reported the STM break junction
method, where individual molecular junctions were formed by repeated movement of a
STM tip in and out of contact with a gold substrate in a solution containing sample
molecules.14 Haiss et al. monitored spontaneous attachment and detachment of the
molecules between the fixed STM tip and a substrate.15

Conductivity of a Single Molecule
One of main tasks of molecular electronics is to determine whether a molecule will
act as interconnect (wire), a switch, a transistor or will have a more complex function.3
The first step in molecular electronics measurements is measuring a conductance of a
single molecule. In systems where current I is recorded due to applied voltage V, the
conductance is defined as6
G (V) =

ə
əV

I(V)
________

The quantum unit of conductance G0 was predicted by Landauer,16 whose theory
forms the basis for electron transport in molecular junctions.6
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Quantum conductance is defined by
G0 = 2e2/h = (12.9kΩ)-1
where e and h are electron charge and Planck’s constant, respectively.
Conductance quantization can be observed during STM measurements. For
example, Tao et al. observed conductance quantization during the measurement of
resistance of single molecules.14 When the STM tip, immersed in a solution containing
4,4’-bipyridine molecules, was pulled

out of contact with the gold substrate, the

conductance decreased in a stepwise fashion (Figure 1.1 A, B). Each step occurred at an
integer multiple of G0.

Figure 1.1 (A) Conductance of a gold contact formed between an STM tip and
gold substrate decreases as the tip is pulled away from the gold and (B) corresponding
conductance histogram that shows well defined peaks near 1G0, 2G0, 3G0. (C) New
sequence of steps appears if the contact on (A) is completely broken, but 4,4’ bipyridine
from the solution forms a stable molecular junction; corresponding conductance
histogram (D) shows peaks near 1x0.01G0, 2x0.01G0, 3x0.01G0. (E and F) in the absence
of the molecules. From ref. [14]. Reprinted with permission from AAAS.
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Conductance quantization, in this case, occurred when size of the metallic contact was
decreased to a chain of Au atoms. When the tip was pulled away further, new steps with
lower conductance (1x0.01G0, 2x0.01G0, 3x0.01G0), corresponding to conductance
though the 4,4’-bipyridine molecule, were observed (Figure 1.1 C, D).
A variety of techniques have been employed to measure the conductance of single
molecules.13,14,17-21 Eventually, a number of problems challenging molecular electronics
became evident. One of the setbacks was the wide discrepancy in results obtained for the
same molecules with different methods. This discrepancy probably arose from the
variation in the geometry of junctions that dominate the conductance measurements.21
Conductance has a sensitive dependence on microscopic details. It is difficult to form
microscopically

identical

molecule-electrode

contacts

even

during

the

same

measurement. Therefore, a statistical analysis of a large number of molecular junctions is
required. Thus the “true” conductance of a single molecular junction cannot be
obtained.22,23
Other difficulties could arise from dynamics of the metal surfaces and tips at the
nanoscale, as well as from the dynamics of the soft matter at room temperature.24
Migration of metal atoms in the molecular junction can have a crucial influence on the
I(V) data. In addition, molecules can show conformational changes under electric fields.25
Working at the nanoscale also requires ultra clean conditions, and if contaminants, such
as water, are present, it can affect the molecular junction transport.26 All the above
difficulties have raised an important question, whether the conductance properties
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measured for a molecular junction are the consequence of the inherent properties of the
molecule itself or of many different interfering parameters.
Despite all these ambiguities, recently it has been shown that the properties of the
molecule itself affect the conductance of a molecular junction. For example, by using
three different experimental approaches it has been demonstrated that bipyridyl-dinitro
oligophenylene ethylene dithiol molecules exhibit a voltage controlled switching between
two conducting states due to an inherently molecular phenomenon and not due to
fluctuations in the film or the molecules.27 The influence of the redox state of the
molecule on the conductivity of a single molecular junction has also been
investigated.28,29 Recently, a remarkable example of how molecular conformation can
alter the current passing through the molecular junction was reported.30 The
comprehensive study of biphenyl systems showed that as the twist angle between the
phenyl rings decreases, the conductance through the molecular junction increases (Figure
1.2).31 This result is expected since the lower twist angle increases the π-conjugation.

Figure 1.2 Biphenyl junction conductance as a function of molecular twist angle.
Reprinted by permission from Macmillan Publishers Ltd: NATURE (ref. [31]), copyright
(2006).
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A number of factors are essential for reliable measurement of single molecule
conductance. One of them is the presence of good contacts between the molecule and the
measuring electrodes. The good contacts play a crucial role in electron-transport
properties though a molecular junction. They are typically designed by selecting good
anchoring groups at the end of the molecules.32 For example, the most studied groups for
adsorption on gold surfaces are thiols,33 isocyanides,34 selenium,35 pyridine,36 and amine
groups.37 Recent studies, including the one depicted in Figure 1.2, showed that when the
-NH2 group is used as an anchor to gold surface, more reproducible current-voltage
characteristics are obtained.31,38
Other factors such as local environment and temperature affect the electrical
properties of individual molecules. For instance, electrical properties of molecular
junctions containing flexible molecules with precise contact geometry were found to be
dependent on the temperature. On the other hand the electrical properties of molecular
junctions with rigid molecules were not temperature dependent.39
It is clear that in order to design a molecular junction with a stable electrical
response, and to facilitate its use as a component of an electrical device at room
temperature, all the above experimental considerations must be taken into account.

Single-Molecule Transistors
As mentioned in the previous section, the redox state of the molecule affects the
conductivity properties of a molecular junction. This feature can be used for the
construction of a single-molecular junction behaving as a nanometric transistor. The
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typical transistors today are metal oxide semiconductor field-effect transistors
(MOSFET).40 They consist of a source and drain electrodes and a gate electrode that
controls the current flow from source to drain (Figure 1.3). The gate is separated from the
silicon channel by an insulating channel. If the gate voltage is low, there is an energy
barrier between the source and drain electrodes and electrons cannot flow through the
silicon substrate. If the gate voltage is high, it lowers the energy barrier, allowing
electrons to flow.

Figure 1.3 Planar MOSFET with source, drain and gate, and silicon substrate.

Single molecule transistors (SMT) work on an analogous principle. These are
three terminal devices containing source, drain and gate electrodes. The electron transport
occurs between source and drain via a single molecule. This electron conduction is
modulated by coupling to a proximal gate electrode.41 The gate electrode provides an
external potential, which modifies the molecular electronic levels.6
Redox-active molecules can be used to build a molecular field effect transistor
(FET). For example, in the work reported by Park et al., molecular junctions were formed
by trapping redox-active Co2+/3+ metal centers in the electrode gaps. The gaps were
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produced by electromigration.42 A current through a junction was turned “on” and “off”
by applying the necessary potential on the gate electrode to control the redox state of the
Co2+/3+ organic complex (Figure 1.4). The organic linkers served as mechanical
connections to the electrodes, while the tunable flow of electrons occurred through the
metal ion. By changing the length of the organic linker, the authors were able to control
the coupling between the metal ion and the electrodes. For longer organic linkers, weaker
coupling was observed, and the conduction was gate potential dependent. The
mechanism, in this case, was explained as single-electron tunneling, guided by Coulomb
blockade.

Figure 1.4 Diagram of a SMT (top); two types of molecules used for the
measurements (bottom, left); cyclic voltammogram of a cobalt organic complex (bottom,
right). Reprinted by permission from Macmillan Publishers Ltd: NATURE (ref. [42]),
copyright (2002).
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In the case of the shorter organic linkers, a stronger coupling between the metal
ion and the electrodes, known as the Kondo effect, was observed and the conduction was
not dependent on the gate potential. Although reproducible results were obtained, the
drawback of this measurement was that the molecular junctions produced by
electromigration were not stable enough for long studies at high biases.43
A large gate voltage can be achieved in a different single-molecule transistor setup that employs an electrochemical gate.28,44-46 For example, Haiss et al. has reported a
STM method that studied the changes in conductance of a redox molecule, where the
electrodes were inserted in the electrolyte. The gate voltage was applied between the

Figure 1.5 (a) Diagram of a SMT with an electrochemical gate (Ag wire
reference electrode in 0.1 M NaClO4); (b) cyclic voltammogram of perylene
tetracarboxylic diimide (PTCD) in solution (red) and absorbed on gold electrode (black);
(c) Source-drain current (Isd) versus gate voltage (Vg) for a single PTCD molecular
transistor; (d) Control experiment on an alkanedithiol. Reprinted with permission from
ref. [29]. Copyright 2005 American Chemical Society.
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source and the gate (also called reference electrode). Tao et al. have reported
independently a single molecule FET29 conjugated redox-active molecule (perylene
tetracarboxylic diimide) using an electrochemical gate (Figure 1.5 a). Upon varying the
gate potential, at values close to the corresponding first reduction potential of PTCD, the
current response starts to increase (Figure 1.5 b and c). At more negative potentials the
current response continued to rise.
The explanation of this phenomenon was that by varying the gate voltage, the
empty molecular energy levels were shifted up and down.22 A large current increase
(Figure 1.5 c) was attributed to the empty molecular energy levels being lined up with the
Fermi levels of electrodes. In a control experiment, when the non-redox-active 1,8octanedithiol molecules were incorporated into the molecular junction, gate voltage
independent behavior was observed (Figure 1.5 d), with very low conductance.
The fullerenes are molecules possessing rich redox chemistry with accessible
redox states which makes them suitable candidate molecules for incorporation into SMT.
In particular C60 has been considered as an attractive candidate for molecular
electronics.47,48 In the design of a C60-based SMT, useful for electronic applications, the
major challenge would be to design a fullerene molecule possessing lateral chemical
groups which do not affect the electronic properties of the molecule but facilitate its selfassembly on electrodes. In the following sections we describe the rational design of
pyrrolidinofullerene molecules possessing the above characteristics and the preliminary
conductivity measurements of a fullerene-based molecular junction.
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Designing a C60-Based Molecular Transistor
[60]fullerene in Molecular Electronics
Buckminsterfullerenes have attracted a great deal of attention since their
discovery, owing to their unique electronic properties.49 In particular, C60 is known for
its exceptional electron acceptor properties, arising from the small reorganization energy
(the reorganization energy is a sum of inner-sphere, solvent-independent, reorganization
energy and outer-sphere, solvent-dependent, reorganization energy).50

Since C60 is

believed to have a small solvent-dependent term,51 little energy is required for the
adjustment of a generated state (e.g. excited or reduced states) to the new solvent
environment, hence the good electron acceptor properties. In addition, because of its
low-lying triply degenerate LUMO52, the redox characteristics of C60 include the ability

Figure 1.6 Reduction of C60 in CH3CN/toluene at -100C using cyclic voltammetry
at a 100 mV/s scan rate (bottom) and differential pulse voltammetry (top). Reprinted with
permission from ref [53]. Copyright 1992 American Chemical Society.
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to reversibly accept up to six electrons, as demonstrated experimentally with
electrochemical voltammetric studies (Figure 1.6).53 Reversible [60]fullerene oxidations
(up to 3 oxidized states) at higher potentials were also shown.54,55
The availability of multiple redox states potentially allows the control of
accessible molecular levels by changing the gate potential. Therefore, hypothetically, by
tuning the gate potential, it might be possible to switch the C60 molecule between a
number of discrete states. The C60-based SMT, incorporated into computer electronic
circuits, could potentially lead to the development of electronic systems which are more
complex than binary, with multi-state possibilities. In addition, C60 possesses a feature
desired for temperature independent electronic properties: an inherently rigid carbon
sphere and a structurally similar ground and reduced states.56 The nanometric scale size
of the underivatized C60 is also beneficial because it makes the fullerene suitable for
insertion into metallic nanogaps.
Studies of C60-molecular junctions have been previously reported by different
research groups. The first measurement of the electrical properties of a single C60
molecule was conducted by Gimzewski et al. In their work, the STM tip was pressed on
the fullerene molecule adsorbed on a surface. However, the measured electrical
amplification effect of a C60 molecule was induced by the compression of the fullerene
molecule, and the tunneling occurred through the electromechanically deformed C60 cage.
Grüter et al. have observed the resonant tunneling through a geometrically asymmetrical
molecular junction containing C60 with a single thiolated anchor group.57 In another
work, the rectifying effect on the current-voltage characteristics was observed for pyridyl
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aza[60]fulleroid oligomers, where the single pyridyl moiety was adsorbed on a gold
surface.39
The only report of a C60-based SMT involved C60 molecules physisorbed in gold
electrode nanogaps produced by the electromigration method.48 This C60-SMT acted as a
nanomechanical oscillator and the conduction mechanism was dominated by Coulomb
blockade and engaged a coupling between the center-of-mass motion of C60 molecules
and the single electron hopping. Later, the Kondo effect in the same SMT was observed
by other groups at low temperatures.58
In our work, the construction of a fullerene-based molecular junction involves
anchoring the C60 sphere to two electrodes via functional groups attached to the fullerene.
Since a good connection to electrodes is crucial for the construction of a reliable single
molecular junction, we suggest anchoring the C60 sphere via two linkers attached to the
fullerenes. The structure of C60 allows for the placement of the linker groups exactly on
opposite sides of the fullerene sphere. If nonflexible linkers are chosen, the whole
fullerene derivative molecule would be rigid and the junction would have a linear
geometry. Furthermore, positioning the fullerene redox center right in the middle of the
molecular junction would lead to a symmetrical junction, and therefore symmetrical I(V)
characteristics. Finally, for a stable connection between the fullerene and the two
electrodes, the linker groups should be able to chemically bind to the electrodes in the
molecular junction.
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Bis-Pyrrolidino[60]fullerene for Use in a SMT
An interesting compound, N-pyridylpyrrolidino [60]fullerene 1.1, with a suitable
linker group, was reported by Wilson et al.59 The addend in 1.1, a pyridine unit attached
to the nitrogen on the pyrrolidine ring, was designed to provide good electronic coupling
between the fullerene and the pyridyl N-atom.59,60 The concept was based on the
following: It has been suggested that the lower basicity of the pyrrolidine nitrogen of Nmethyl-2-[2(2- methoxyethoxy)ethoxy]methyl pyrrolidinofullerene (Figure 1.7, on the
right), compared to that of the nitrogen on the similar pyrrolidine without the fullerene
unit, is a result of a decreased availability of the nitrogen lone pair due to a throughspace interaction of the lone pair with the fullerene π-system.61 It is also well established
that basicity of pyridyl nitrogen in p-(dimethylamino)pyridine (Figure 1.7, on the left) is
106 times bigger than basicity of nitrogen in pyridyl, indicating the strong coupling
between the two nitrogens in p-(dimethylamino)pyridine.60

The combination of these

two effects should result in an extended electronic conjugation through the N-pyridyl
pyrrolidino [60]fullerene 1.1.

Figure
1.7
p-(Dimethylamino)pyridine
(left);
methoxyethoxy)ethoxy] methyl pyrrolidinofullerene (right).
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N-methyl-2-[2(2-

110

Figure 1.8 Drawing of the X-Ray structure of a complex of N-pyridyl pyrrolidino
fullerene 1.1 and ZnTPP.60

Experimentally, the electronic coupling was confirmed by complexing the pyridyl
nitrogen unit to zinc tetraphenylporphyrin (ZnTPP) and conducting electrochemical and
fluorescence investigations. For example, during voltammetric studies, upon formation
of a complex between 1.1 and ZnTPP, the fullerene-based reductive waves were shifted
cathodically. In a control experiment, the formation of a complex between ZnTPP and a
similar fullerene derivative, with a pyridine ring attached not to the nitrogen but to the
carbon on the pyrrolidine addend, did not cause any changes in the voltammetric
response. The X-ray structure of the fullerene-porphyrin complex showed almost linear
geometry, with a small 110 angle between the axis going though the pyrrolidino-fullerene
unit and the pyridine ring (Figure 1.8).

17

Because of the electronic properties of the pyridyl-pyrrolidine group, as well as its
geometry, we decided to synthesize a fullerene derivative with two pyridyl-pyrrolidine
groups attached on opposite sides of the C60 sphere. The synthesis of the derivative 1.10
is described in the following section. Similar to the mono pyridyl-pyrrolidino derivative
1.1, compound 1.10 is also expected to have an almost linear geometry. In addition, this
fullerene compound would be conformationally rigid. As mentioned earlier, molecular
rigidity is beneficial for constructing a molecular junction with temperature independent
electronic properties. Knowledge of the precise geometry of the molecule would facilitate
the interpretation of the electrical characteristics of a single molecular junction.

1.1
1.10
Figure 1.9 N-pyridyl pyrrolidino fullerene 1.1 and trans-1 bis-N-pyridyl
pyrrolidinofullerene 1.10.
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Since the pyridyl groups are capable of binding relatively strongly to the gold
electrodes,62 fullerene molecule 1.10 should also be able to form reliable connections
between the source and the drain electrodes.
The diagram of the fullerene-based SMT designed in this work is depicted in
Figure 1.10. The important features of such a set-up are that the fullerene center would be
positioned symmetrically in the middle of the molecular junction and the redox center
would be chemically connected to both source and drain electrodes.

Figure 1.10 Diagram of a fullerene-based SMT.

The preliminary results of the conductivity measurements of the molecular
junction incorporating bis-pyridyl-pyrrolidine fullerene derivative, discussed in section
1.4, indicated that compound 1.10 is a promising candidate to be incorporated into the
SMT set-up shown in Figure 1.10.

Synthesis of Trans-1 Bis-pyridyl Pyrrolidinofullerenes
Background
The synthesis of trans-1 bis-pyridyl pyrrolidine [60]fullerene (1.10) can be
achieved if a 1,3-dipolar cycloaddition reaction can be directed to take place selectively
at 6,6-double bonds on opposite sides (trans-1 position) of the fullerene sphere. Although
at first glance this task appears misleadingly simple, the control of regiochemistry on C60
core is a difficult problem which has been tackled by many synthetic teams.56,63-71 The
difficulty arises from the presence of thirty double bonds in the C60 molecule, equally
reactive towards the cycloaddition reactions. After the first addend is attached to any of
the 30 double bonds, the second addition results in the formation of up to eight regioisomeric bis-adducts (Figure 1.11).72 The distribution of the eight possible bis-adducts
depends not only on the steric demand of the addends but also on the type of the
cycloaddition reaction occurring on the double bonds of the C60 sphere.

Figure 1.11 Possible bis-addition sites on C60.
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The reaction under consideration, 1,3-dipolar cycloaddition, proceeds through the
azomethine ylide intermediate and yields a pyrrolidine-type addend attached between two
six-membered

rings.73

Compared

to

other

types

of reactions,

for example

cyclopropanation reactions,56 the regioselectivity of the 1,3-dipolar addition is quite
low.66 When azomethine ylides are symmetric, the reaction yields all of the eight possible
regioisomers. However, the yield of trans-1 bisadducts is always the lowest, with 1-6%
relative yield.63 In addition, the isolation of pure bis-adduct isomers from a bulk reaction
mixture is notoriously difficult because it requires tedious chromatographic separations.
To

make

matters

more

difficult,

bis-

and

tris-adducts

sometimes

co-elute

chromatographically due to similar polarities.74
One of the approaches to avoid formation of the various regioisomers is to use a
linker that directs the additions of the two addends to the desired positions on C60
(Figure1.12). In the tether-directed functionalization method, initially developed for
cyclopropanation reactions, the desired bis-adducts can be obtained almost exclusively by
controlling the length and geometry of the tether.64,71,75-77 Other procedures for
regioselective synthesis of multi-adducts have also been developed. Some examples
include a template-directed approach, where a removable tether is used,78-80
macrocyclization due to strain minimization,69 and sequential additions.74,81,82
The selective syntheses of [60]fullerene trans-1 bis-adducts have also been
demonstrated using the tether-directed approach.65,70,83 Employing a dibenzo-18-crown-6
tether, designed to become rigid upon complexation with a metal cation, the trans-1
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Figure 1.12 A diagram of tether-directed functionalization.

bis-adduct was synthesized in a relatively high 30 % yield.65,83 In another report the
formation of trans-1 bisadduct was achived via Tröger-based tether with a high 58%
yield.70
Another example of a selective trans-1 bis-adduct formation was reported by
Kräutler et al. and involved an initial Diels-Alder cycloaddtion reaction.84 Although the
synthesis did not involve a tether-directed method, a remarkable selectivity was observed
nonetheless. In particular, heating a sample of crystalline C60 with one anthracene addend
resulted in a 1:1 mixture of antipodal anthracene-bisadduct 1.2 (the trans-1 bis-anthracene
bisadduct) and C60. The reaction occurred as a result of intermolecular anthracene
transfer that was possible due to the crystal packing of the monoanthracene adduct
(Scheme 1.1). Later, a regioselective synthesis of 1.2 in a single step was also reported
starting from C60 and anthracene.85
Recently,

two

tether-directed

synthetic

procedures

to

obtain

pyrrolidinofullerenes via 1,3-dipolar cycloaddition were reported. In one of them a
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bis-

1.2

Scheme 1.1 Synthesis of compound 1.2.

dibenzo-18-crown-6 based tether was used, but the reaction products were obtained as an
isomeric mixture.86 Zhou et al. reported tether directed synthesis of 5 regioisomeric bisadducts depending on the length of a rigid linker.87 In particular, trans-1 and trans-2 were
obtained by using biphenyl-tethered aldehyde in 2:3 ratio with 68% total yield. Though
the yield of trans-1 bis-adduct was reasonably high, the chiral centers formed on the
pyrrolidine addends complicated the overall chemistry.

Scheme 1.2 Tether directed synthesis of trans-1 and trans-2 pyrrolidine bisadducts.87
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Synthetic Approach Using the Fullerene Template
Our strategy is based on the initial attachment of protecting groups on the C60
sphere. These addends block the approach of the reactants to C60 and allow the approach
to the available (trans-1) sites on the fullerene sphere. Later, selective removal of the
“protecting” addends yields the desired compound. Bis-aloxycarbonyl methano groups
are known to be thermally stable, but extremely unstable under reductive conditions,88,89
and therefore are employed in our synthetic design.
The initial target with four bis(ethoxycarbonyl)methano addends (diethyl
malonate addends) has been previously reported. This tetra-adduct (1.4) was originally
prepared by Diederich and coworkers by combining the methods of tether-directed
functionalization and deprotection.79,80 Soon after, another method to prepare 1.4 was
reported by Kräutler et al.90 In this highly efficient and elegant method of “orthogonal
transposition” the trans-1 bis-anthracene derivative 1.2 was used as a template for
guiding the diethyl malonate additions to go exclusively at four e positions on C60.

1.2

1.4
1.3

Scheme 1.3 Synthesis of compounds 1.3 and 1.4.
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Scheme 1.4 Proposed synthetic approach for synthesis of trans-1 pyrrolidine bisadduct.

The mixed hexaadduct 1.3 was further converted into the tetramalonate 1.4 by exploiting
the thermal instability of the anthracene Diels-Alder adducts (Scheme 1.3).
Since the four bulky di-ethyl malonate groups are positioned around the
equatorial belt of the C60, compound 1.4 can be further used as a template for guiding the
1,3-dipolar cycloaddition reaction of two pyrrolidines into trans-1 positions (Figure
1.14). Once the desired pyridyl pyrroldines are attached in the trans-1 positions, the four
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malonate groups can be removed by using a selective electrochemical retrocyclopropanation reaction.88,89 The overall synthetic approach is presented in Scheme 1.4.
We have synthesized compounds 1.2, 1.3 and 1.4 following the published
procedures of Kräutler et al,85,90,91 according to Scheme 1.3 (the NMR spectra of 1.2, 1.3
and 1.4 are shown in the experimental section). To elucidate the order in which the
malonates are added to bis-anthracene derivative 1.2 we conducted the first step in
Scheme 1.3 with one equivalent of diethyl bromomalonate and one equivalent of DBU.

1.6

1.5

1.2

1.5

1.7

Scheme 1.5 Synthesis of compounds 1.5, 1.6 and 1.7.
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This reaction yielded two expected tris-adducts, compounds 1.5 and 1.6, with two
anthracene units and one malonate group (Scheme 1.5). However the tris-adduct 1.5 was
formed preferentially in 46 % yield, while the tris-adduct 1.6 was formed only in 10%
yield (higher adducts comprised about 20% yield). The dominant formation of 1.5 can be
explained by taking into account the steric considerations.
The two ethoxy groups in the malonate addend in 1.5 experience a minimal steric
hindrance, compared to the ethoxy groups in 1.6, which are orthogonal to the anthracene
moieties.

Upon further cyclopropanation of 1.5, the pure compound 1.7 with two

bis(ethoxycarbonyl)methano groups was obtained as a major product. The structures of
compounds 1.5, 1.6, 1.7 were deduced from the 1H NMR (see experimental section). For
example, the 1H NMR of mixed tetraadduct 1.7 clearly shows the difference between
the two bis(ethoxycarbonyl)methano addends, since one of them has two identical NMR
ethyl groups, and the other addend has two different ethyl groups.

5.6

5.4

5.2

5.0

4.8

4.6

4.4

Figure 1.13 500 MHz 1H NMR of compound 1.7.
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4.2

//

1.4

1.2

ppm

Therefore, three quartet and triplet resonances are observed on the 1H spectrum of 1.7
(Figure 1.3.3). The -CH- protons in the anthracene addend appear as two singlet
resonances. If the addition of the second malonate occurred on the side of the fullerene
cage that was opposite to the first addend, the 1H NMR of the products would have
shown identical malonate and anthracene protons.
It is noteworthy to mention that malonate groups in 1.4 leave the two opposite
parts, rather than just two double bonds, of the fullerene sphere available for other
reactions to occur (Figure 1.14 a). Each part has a total of five non-hindered double
bonds available for cycloaddition reaction. However further cyclopropanation reaction
leads to the hexaadduct with Oh symmetry, since the malonate addends are quite bulky.

Figure 1.14 (a) Two available parts of the fullerene sphere; (b) and (c) a
schematic representation of reactive double bonds on the fullerene.
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The 1,3-dipolar cycloaddition reaction, on the other hand, exhibits lower regioselectivity,
and the pyrrolidine adduct can add to any of the ten available double (Figure 1.14 b, c).

Addition of the Pyridyl-Pyrrolidine Moieties to a Fullerene Template
Initially, the synthesis of the trans-1 bis-pyridylpyrrolidine adduct was attempted
by conducting the 1,3-dipolar cycloaddition reaction for several hours with tetramalonate
1.4, N-pyridyl-glycine and paraformaldehyde as starting materials. The reaction times
varied from 12 to 24 hours and the product mixture contained mono- and multi
pyridylpyrrolidine adducts. However the isolation of pure trans-1 bis-pyridylpyrrolidine
adduct by means of column chromatography on silica under various flow pressures and
solvent systems proved unfeasible. The HPLC, with run times up to 2.5 hours, was also
attempted using various mobile phases and 2 different HPLC columns, Buckyclutcher
and Buckyprep-M, but no bis-adducts were eluted due to the very long retention times.
To facilitate the separation task, the bis-addition was conducted in two steps. First, the
mono-pyridylpyrrolidine adduct was synthesized and isolated. This was achieved by
controlling the kinetic parameters of the reaction such as the amount of starting reagents
and short reaction times (1-3 hours). The resulting mono-addition products had very close
retention times using TLC analysis. Careful separation by gravity column
chromatography with 3% MeOH in dichloromethane as the mobile phase yielded two
fractions (Scheme 1.6). Both of the two eluted fractions had the same MALDI-TOF
mass-to-charge ratio, which corresponded to molecular ion peak of only mono pyridylpyrrolidine adduct of C60- tetramalonate 1.4.
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1.8a
1.4

1.8b’

1.8b”

Scheme 1.6 Synthesis of compounds 18a and 1.8b’/b”.

1

H NMR analysis revealed that the compound in the more polar fraction had a

pyridyl-pyrrolidine moiety added at the central unique bond (Figure 1.14 c) on one part
of the unhindered fullerene sphere. Due to its symmetry, all of the –CH2- (methylene)
protons in the pyrrolidine group experience equivalent chemical environment and
therefore appeared as a singlet resonance (Figure 1.15). The NMR spectrums of the
symmetrical mono-pyridylpyrrolidine adduct 1.8a also showed three sets of ethyl
protons. The first set consisting of quartets and triplets corresponds to eight -CH2protons and twelve -CH3 protons, originating from two equivalent malonate groups.
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1.8a

Figure 1.15 500 MHz 1H NMR of symmetrical mono-pyridylpyrrolidine adduct
1.8a.

The other two sets came from chemically different ethyloxycarbonyl groups in
each of the remaining malonate addends. One set originated from the ethyloxycarbonyl
group pointing either up (toward the pyridyl-pyrrolidine addend), or down (away from
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the pyridyl-pyrrolidine addend) and the other set corresponded to four –CH2- and six –
CH3 protons.
The

1

H NMR spectra of the mono-pyridylpyrrolidino adducts led to the

observation of a particularly interesting phenomenon. The methylene protons in the
pyrrolidine ring, as well as the aromatic protons in the pyridine ring appeared as broad
resonances (Figure 1.15). Furthermore, isolation from other syntheses showed that the
pyrrolidine proton resonances exhibited different NMR frequencies and different degrees
of broadness (Figure 1.16). Upon addition of a drop of TFA to the NMR solution the
resonances became very sharp. This phenomenon is discussed in more detail in Chapter
3.

Figure 1.16 1H NMR of compound 1.8a acquired for the same product isolated
from different synthetic runs.
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The compound in the other less polar fraction was determined to be the
unsymmetrical mono-pyridylpyrrolidine adduct, probably produced as the enantiomeric
mixture of 1.8b’ and 1.8b” (Scheme 1.5). Since the NMR technique cannot distinguish
between the enantiomers, only one isomer appeared on the NMR spectrum of 1.8b’/
1.8b” (Figure 1.17). Similar to symmetric adduct 1.8a, the pyrrolidine protons in 1.8b’/
1.8b” initially displayed broad NMR resonances, but upon the addition of a drop of TFA
to the NMR tube the resonances were transformed into sharp signals. Since every
methylene proton (highlighted in yellow) in 1.8b’/ 1.8b” had a different chemical
environment, all the protons in the pyrrolidine ring were non-equivalent. Therefore,
protons attached to the same carbon showed the AB quartet resonances and a distinct
correlation pattern can be seen on the COSY-NMR spectrum of 1.8b’/ 1.8b” (Figure
1.18). In addition, all ethyloxycarbonyl groups in all the malonate addends have different
chemical environments. Although the -CH2- proton resonances are overlapped, the eight
different –CH3 groups are clearly distinguished on the NMR spectrum.
The separation of the symmetric and unsymmetric mono-pyridyl pyrroldino
adducts was also possible by HPLC using the buckyprep-M column with 1% pyridine in
toluene as mobile phase (Figure 1.19). However, because of the long retention times the
separation by HPLC was not practical.
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1.8b”

1.8b’

Figure 1.17 500 MHz 1H NMR of unsymmetrical mono-pyridylpyrrolidine
adduct 1.8b.
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Figure 1.18 COSY NMR of compound 1.8b after addition of TFA-d.

1.8b

1.8a

min
Figure 1.19 The HPLC chromatograms of 1.8a and enantiomeric mixture
1.8b’/1.8b” recorded using Buckyprep-M column and 1% pyridine in toluene as mobile
phase.
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The

relative

yields

of

the

unsymmetrical

and

symmetrical

mono-

pyridylpyrrolidine adducts were 24% and 23 % (1:1 mass ratio). The ratio of these two
yields was somewhat surprising, since on each side of the unhindered sphere of the
starting tetramalonate adduct 1.4 there are four double bonds, potentially producing four
unsymmetrical adducts 1.8b’/ 1.8b”, and only one central double bond yielding the
symmetric adduct 1.8a. Therefore, based on the statistical availability difference, the ratio
of unsymmetrical to symmetrical products is 1:4. The explanation for the excess
formation of the symmetrical adduct 1.8a is probably steric, since the symmetric double
bond is less hindered by the surrounding malonates.
To analyze all the possible isomers that can be formed from the monopyridylpyrrolidine adducts as a result of further cycloaddtion reactions, all combinations
were considered. All possible addition patterns that can be formed from the monopyridylpyrrolidine adducts are shown in Figure 1.20 and Figure 1.21. In the case of the
symmetrical adduct, the side of the fullerene sphere, with the pyrrolidine addend already
present on it, is stericaly blocked from the azomethine intermediate attack. Consequently,
further reactions can occur only on the opposite side of the fullerene sphere where there
are 5 possible addition sites. Addition to a central double bond will lead to symmetrical
trans-1 bis-adduct and addition to any of the other of the four bonds will lead to one
unsymmetrical bis-pyridylpyrroldine regioisomer (racemic mixture of two enantiomers).
The trans-1 bis-pyridylpyrroldine adduct cannot undergo further cycloaddtion reactions
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Figure 1.20 Possible addition patterns of pyridylpyrrolidine (PP) to the two
unprotected parts of compound 1.8a; (*) only one of the enantiomeric possibilities is
shown.

Figure 1.21 Possible addition patterns of pyridylpyrrolidine (PP) to the two
unprotected parts of compound 1.8b; (*) only one of the enantiomeric possibilities is
shown.
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On the other hand, the unsymmetrical bis-adduct derived from 1.8a can produce two
regioisomeric tris-pyridylpyrrolidine adducts. Therefore, once compound 1.8a is formed,
further reactions can lead to a total of four different multiadducts.
The cycloaddition reaction of the unsymmetrical 1.8b’/ 1.8b” can lead to a larger
number of multi-pyridylpyrrolidine adducts. The addition of one pyridylpyrrolidine to
1.8b’/ 1.8b” can result in seven regioisomeric bis-adducts.

Each of the bis-

pyridylpyrrolidine adduct is capable of undergoing further cycloaddition reactions,
altogether producing seven different regioisomers. Five of those can undergo further
addition to produce five tetra-pyridylpyrrolidine adducts. Overall, the addition to
unsymmetrical 1.8b’/ 1.8b” can lead to 17 different multi-pyridylpyrrolidine adducts
(Figure 1.21). Once the tetra-adducts are formed no further cycloadditions are possible in
principle.
The arguments above explain the difficulties in isolating the pure trans-1 bispyridylpyrrolidine derivative when the reaction is conducted from the tetramalonate
adduct 1.4, since the combined number of possible multi-pyridylpyrroldine adducts
formed from both symmetrical 1.8a and unsymmetrical 1.8b’/ 1.8b” is 18 (including 11
multi-adducts produced as racemic mixtures).
To confirm the number of addition patterns, the symmetric monoadduct together
with N-pyridyl-glycine and paraformaldehyde were refluxed for 48 hours. The product
mixture was analyzed by MALDI-TOF MS and the species detected from a crude
reaction mixture were bis- and tris-pyridylpyrrolidine adducts, consistent with the
statistical arguments presented (Figure 1.22).
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Figure 1.22 MALDI-TOF of a crude reaction mixture of 1.8a with excess of Npyridyl-glycine and parformaldehyde after 48 hours. Only bis- and tris-pyridylpyrrolidine
(PP) adducts are detected.

Figure 1.23 MALDI-TOF of a crude reaction mixture of 1.8b with excess of Npyridyl-glycine and parformaldehyde after 48 hours. Bis- and tris- and tetrapyridylpyrrolidine (PP) adducts are detected.
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Similarly, when the unsymmetrical 1.8b’/ 1.8b” was allowed to react with N-pyridylglycine and paraformaldehyde for 48 hours, the analysis of the products in the reaction
mixture by MALDI-TOF MS showed the presence of bis-,

tris- and tetra-

pyridylpyrrolidines (Figure1.23). No penta-pyridylpyrrolidine adducts were detected by
MALDI-TOF, confirming that the largest number of possible cycloadditions to tetramalonate 1.4 is four.
Based on all of the above considerations the synthesis of trans-1 bispyridylpyrrolidine adduct 1.9 was carried out starting from the symmetrical 1.8a (Scheme
1.7). The cycloaddtion reaction was conducted for a short period of time (1hr), with the
excess of N-pyridyl-glycine (15 eq.) and paraformaldehyde (45 eq.). Upon careful
purification of the reaction mixture by column chromatography, with 5% methanol in
dichloromethane as mobile phase, the pure trans-1 bis-pyridyl pyrrolidino-tetra-(
(bis(ethoxycarbonyl)methano) [60]fullerene 1.9 was obtaimed in 21% yield. Unreacted
compound 1.8a comprised 55% and the mixture of other adducts 22%.
NMR characterization confirmed the structure of the trans-1 bis- adduct 1.9. All
of the –CH2- protons in both of the pyrrolidine groups experienced equivalent chemical
environment and were exhibited a singlet resonance (Figure 1.24). The protons on the
ethyloxycarbonyl groups appeared two sets of quartet and triplet resonances, originating
from two different pairs of malonate groups, as expected from the symmetry.
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1.8a
1.9
Scheme 1.7 Synthesis of compound 1.9.

Figure 1.24 500 MHz 1H NMR of compound 1.9.
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Using the same synthetic approach other derivatives bearing different substituents
on the pyrrolidine nitrogen can be synthesized. For example compound 1.11 with one
pyridyl and one terpyridyl unit was prepared from symmetric mono-pyridylpyrrolidine
tetramalonate 1.8a (Scheme 1.8).92 Interestingly, the synthesis and isolation of bisterpyridyl derivative 1.14 was achieved in one step, from the tetramalonate 1.4. The
higher regioselectivity of the reaction occurred probably due to inherently larger steric
demands of the terpyridyl units (Scheme 1.8). Compounds 1.11 and 1.14 can be
potentially used for the construction of long molecular wires through the complexation of
the terpyridyl moiety with metal centers.

1.8a
1.11

1.4

1.13
1.14

Scheme 1.8 Synthesis of compounds 1.11 and 1.14.
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Our synthetic approach introduces new opportunities for the development of other
fullerene derivatives with various terminal groups. We hypothesize that the construction
of a fullerene derivative with not only two, but three different linker groups is possible
using our methodology. For example, construction of compound 1.16 with pyridyl, thiol
and terpyridyl groups can be achieved via the route illustrated in Scheme 1.9. Such a
three-connector fullerene derivative as compound 1.16 can be potentially used in
molecular electronics, for instance as a part of a three-lead single molecular transistor.

1.8b
1.15

1.16

Scheme 1.9 Proposed synthetic approach for tris-adduct 1.16 with pyridyl, thiol
and terpyridyl groups.
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The Electrochemical Removal of the Protecting (Malonate) Groups
The next step in the synthesis of trans-1 bis-pyridylpyrrolidine adduct 1.10
involves the removal of the four tetramalonate groups from compound 1.9 via selective
retro-cyclopropanaton reaction. The electrochemical retro-cyclopropanaton method was
developed in our group previously, and will be discussed in more detail in Chapter 2. In
order to find out the appropriate conditions, a control experiment with the tetra-malonate
adduct 1.4 was conducted first (Scheme 1.9). The cyclic voltammograms of compound
1.4 showed two reversible reductions at -0.98 and -1.36 V, and one chemically
irreversible reduction. The chemical irreversibility upon reduction is typical for fullerenes
with bis(ethoxycarbonyl)methano addends. The reversibility of the second reduction
wave is somewhat surprising, since compound 1.4 has four electrochemically unstable
malonate groups and usually such CV behavior is not observed for higher malonatefullerene adducts.
The reductive controlled potential electrolysis (CPE) of compound 1.4 in CH2Cl2
with 0.1M Bu4NPF6 as the supporting electrolyte was conducted at -1.60 V in order to
remove the malonate addends from C60. Significant voltammetric changes were observed
after the charge transferred to the solution was equivalent to two electrons per molecule
and the CVs continued to change until charge transferred was equivalent to eight
electrons per molecule. At this point, the CV showed the appearance of three reversible
redox waves, characteristic of pristine C60, and the first reduction was shifted anodically
by 60 mV (Figure 1.25).
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1.4

C60

Scheme 1.10 Electrolysis of compound 1.4.

-

-

-

-

Figure 1.25 CPE of 1.4 before the electrolysis (top); Supporting electrolyte:
0.1 M Bu4NPF6. Scan rate: 100 mV/s.
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The solution was then exhaustively reoxidized at 0V and the electrolysis mixture was
then purified by column chromatography on silica, using CS2 as eluent. As a result C60
was obtained in 94% yield. This clearly indicated that the electrochemical removal of the
four malonate adddends located on the equatorial belt of C60 by CPE is an efficient
procedure and can be used to remove the protecting groups from compound 1.9.
The CV of hexaadduct 1.9 was very different from the CV of tetramalonate 1.4
and exhibited an irreversible behavior, probably due to the instability of the malonate
addends at the potentials required to reduce the fullerene center of 1.9 (Figure 1.26 a).
The CPE was carried out at -1.70 V and was stopped when the total charge transferred to
the solution was equivalent to 8 electrons per molecule (Scheme 1.10). At this point, the
CV of the electrolysis mixture was drastically different from the original CV, exhibiting
two reversible reduction waves at -0.7 and -1.1 V versus Ag wire, a clear indication that
all the unstable malonate groups were removed and the expected compound 1.10 was
formed in solution. The conversion of compound 1.9 into 1.10 was further corroborated
by MALDI-TOF taken before and after electrolysis (Figure 1.26 b and c). However, due
to the very low solubility of the product, the isolation of very pure 1.10 from the
electrolysis mixture was not possible. Preliminary single-molecule conductance studies
were performed with compound 1.9, which is soluble in common organic solvents and
possesses the required pyridyl-pyrrolidine linkers in the trans-1 position.
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1.9

1.10

M.W. = 1591

M.W. = 960

Scheme 1.11 Electrolysis of compound 1.9.

Figure 1.26 (a) Cyclic voltammograms of 1.9 before the electrolysis and after the
electrolysis; supporting electrolyte: 0.1 M Bu4NPF6. Scan rate: 100mV/s; (b) MALDITOF MS of compound 1.9; (c) MALDI-TOF of the electrolysis solution.
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Preliminary Conductance Measurements
All experimental data in this section were kindly sent to us by Professor Nongian
Tao’s group of Arizona State University. The description of the conductance
measurements by the STM break junction method was given in earlier, in particular in
Figure 1.1.
As discussed in earlier, the method used by Tao et al. involves pushing the STM
tip into a gold substrate immersed in the solution containing the analyte molecules.
Alternatively, to improve the concentration of the analyte molecules, molecules can be
first adsorbed onto the gold substrate. The STM tip can then be moved into the analyte
monolayer to obtain the molecular junction.
To form a monolayer, compound 1.9 was first dissolved in dichloromethane and
an Au (111) film was then immersed into the solution overnight. Figure 1.27 shows the
bare gold substrate and the gold substrate after it was modified with 1.9.

Figure 1.27 STM images of (a) bare Au (III) substrate and (b) Au (III) substrate
modified with molecules of compound 1.9.
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Compound 1.9 seems to be successfully adsorbed on the gold substrate via Au-N
bonding, although some disorder in the monolayer is noticeable.
The monolayer modified gold substrates were loaded onto the STM setup (Figure
1.28) and the conductance measurements were carried out in toluene. Toluene was
chosen as solvent because it minimized the leakage current between the STM tip and the
Au electrodes.
Figure 1.29 shows a series of current-time curves at two scales. The conductance
value of compound 1.9, deduced from the data, shown in Figure 1.29 was found to be
equal to 2.5e-4G0.
Although it is hard to judge about the relation between the conductance value and
molecular structure due to the complications arising due to electrochemical instability of
the malonate groups at negative potentials, the preliminary data demonstrated promising
results for fullerene-based molecular junctions. The conductance measured for compound
1.9 was higher than the conductance measured for redox-active conjugated PTCDI,
which has a conductance value of 1.2 X 10-5 G0 (Figure 1.5).29
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Figure 1.28 STM setup.

Figure 1.29 Conductance curves (left) and conductance histogram (right) of
compound 1.9 in toluene.
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Conclusion
In this chapter the concept of a fullerene-based molecular transistor, with a
fullerene nucleus chemically linked to source and drain electrodes, was introduced. A
novel fullerene derivative 1.10, with two pyridylpyrrolidine linker groups in trans-1
positions, was suggested as an appropriate candidate molecule. A synthetic methodology
to synthesize compound 1.10 was developed and realized by utilizing a series of
protection/deprotection routes, and a rational analysis of the possible addition patterns.
The interesting chemistry taking place on the “unprotected” part of C60 has been
established. The novel approach presents new possibilities to regioselectively synthesize
fullerene derivatives with different functionalities, e.g. designing a suitable fullerene
molecule for three-lead molecular devices. Preliminary data conducted with trans-1
pyridylpyrrolidine-tetramalonate

derivative

1.9

showed

promising

results

for

incorporation of this molecule, as well as parent compound 1.10, into single-molecule
electronic devices.

51

Experimental Section
General. Reagents were purchased from commercial suppliers and used without
further purification. The syntheses of compounds 1.2,85 1.3,90 1.4,90 and N-pyridylglycine93 were performed according to a known literature procedures.
NMR spectra were recorded on a JEOL 500 MHz, a Bruker Ac 500 MHz or a 300
MHz spectrometer. Mass spectroscopy was recorded with an Omni Flex MALDI-TOF
spectrometer. HPLC was performed using a COSMOSIL® Buckyprep-M Packed
Column, 10.0mm I.D.×250mm.
Electrochemical

measurements:

All

electrochemical

measurements

were

performed in redistilled CH2Cl2 (degassed with argon) and anhydrous o-dichlorobenzene
on a CHI 440 Electrochemical Workstation (CH Instruments Inc, Austin, Texas). The
experimental set-up is described in Chapter 3 in more detail.
Fullerene trisadducts 1.5 and 1.6. To a dispersion of 15 mg (0.01mmol) of 1.2
in CH2Cl2 DBU (1,8 µL , 1 eq.) and diethylbromomalonate (1,9 µL, 0.8 eq.) were added
and stirred under an Argon atmosphere for 1 hour. Flash column chromatography using
silica gel and CH2Cl2 as eluent afforded two fractions, which upon protonation yielded
compounds 1.5 (5.5 mg, 46%) and 1.6 (2mg, 12%).
Trisadduct 1.7. To a dispersion of 5.5 mg (0.004mmol) of 1.5 in CH2Cl2 DBU
(0.6 µL, 1 eq.) and diethylbromomalonate (0.6 µl, 0.8 eq) were added and stirred under
an Argon atmosphere for 1 hour. Flash column chromatography using silica gel and
CH2Cl2 as eluent afforded compound 1.7 (3.7 mg, 60%).
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N-(p-Pyridyl)-N-pyrrolidinofullerene-tetramalonate 1.8. A mixture of 50 mg
(0.037 mmol) of C60-tetramalonate 1.4, 50 mg (1.6 mmol) of paraformaldehyde, and 83
mg (0.55 mmol) of N-pyridylglycine was heated at reflux in 50 mL of o- dichlorobenzene
under argon for 1 h. The solvent was removed under reduced pressure.
The crude product was purified by flash column chromatography using silica gel with
dichloromethane/methanol 100:3 as eluent. This afforded 12 mg (23 %) of 1.8a and 13
mg (24 %) of 1.8b.
bis-N-(p-Pyridyl)-N-pyrrolidinofullerene-tetramalonate 1.9. A mixture of 12
mg (0.008 mmol) compounds 1.8a, 11 mg (0.37 mmol) of paraformaldehyde, and 19 mg
(0.12 mmol) of N-pyridylglycine was heated at reflux in 12 mL of o- dichlorobenzene
under argon for 1 h. The solvent was removed under reduced pressure. The crude product
was

purified

by

flash

column

chromatography

using

silica

gel

and

dichloromethane/methanol 100:5 as eluent. This afforded 1.9 in 21% yield (2.7 mg, 43%
based on converted 1.8a).
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Figure 1.30 500 1H NMR of 1.2 in CS2/CDCl3.

Figure 1.31 500 1H NMR of 1.5 in CDCl3.
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Figure 1.32 500 1H NMR of 1.6 in CDCl3.

Figure 1.33 COSY-NMR of 1.7 in CDCl3
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Figure 1.34 COSY-NMR of 1.3 in CDCl3.

Figure 1.35 COSY-NMR of 1.4 in CDCl3.
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Figure 1.36 COSY-NMR of 1.8a in CDCl3.

Figure 1.37 COSY-NMR of 1.9 in CDCl3.
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CHAPTER TWO
1

H NMR CHARACTERIZATION OF PYRROLIDINOFULLERENES
Introduction

Pyrrolidinofullerenes are one of the most widely synthesized types of fullerene
derivatives. The synthesis of pyrrolidinofullerenes is quite simple and various pyrrolidine
addends can be easily realized from commercially available starting materials. After
isolation of a pyrrolidinofullerene from a reaction mixture it is usually characterized by
methods such as TLC, HPLC, MS, and NMR, similar to other organic compounds. The
pyrrolidinofullerenes are composed of the fullerene (only carbon) sphere and the
hydrogen containing pyrrolidine addend and their characterization can often be obtained
by focusing on the structure of the pyrrolidine addends by 1H NMR. Proton NMR is
particularly useful because protons are very sensitive to environmental electronic effects
and their NMR spectra can provide unambiguous structural assignments.
Recently, in order to conduct the electrochemical studies of pyrrolidinofullerenes
(these studies are described in chapter 3), we have synthesized mixed fullerene bisadducts with a pyrrolidino and a methano addend.2 However, during the course of 1H
NMR characterization we noticed significant broadening of the pyrrolidine proton
resonances. In some cases the broadening was so significant that the signal could not be
detected. In addition, we have also observed a broadening of the proton resonances in
other types of pyrrolidinofullerenes: for example, penta-adducts 1.8a, and 1.8b,
mentioned in chapter 1. To our knowledge, there has been no discussion of this
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phenomenon except a brief reference to the broadening of the pyrrolidine protons of Nmethyl pyrrolidino Sc3N@C80.3 In this chapter we investigate the broadening of the
proton resonances of pyrrolidinofullerenes in detail.1
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NMR Investigations of Mixed pyrrolidinofullerenes and Simple N-methyl
Pyrrolidinofullerenes
Background
Pyrrolidinofullerenes can have substituents attached either to the nitrogen or to
the methylene carbons of the pyrrolidine ring (Figure 2.1). When a substituent (R1) is
attached to the nitrogen, the methylene protons are considered magnetically equivalent, in
contrast to the case where a substituent (R2) is attached at methylene carbon, which
renders the protons magnetically nonequivalent. However, since there is a lone pair of
electrons on the nitrogen positioned either cis or trans with respect to the methylene
protons, the magnetic equivalence of the methylene protons in N-substituted
pyrrolidinofullerenes (Figure 2.1, right) is true only if the nitrogen is able to undergo fast
inversion of configuration.
Nitrogen inversion of pyrrolidinofullerenes has always been regarded as a fast
event on the 1H NMR time scale and therefore, the resonances of the nonequivalent
pyrrolidine protons were thought to give rise to single signal. For instance, the methylene
hydrogens of the pyrrolidine ring in compounds such as N-methyl pyrrolidinofullerene
2.3 (Scheme 2.2) were observed as a single resonance in 1H NMR spectra in CS2/
chloroform-d (CDCl3), and therefore, they were considered magnetically equivalent.4
This observation is consistent with earlier reports describing the nitrogen inversion of
alkylamines5 and cyclic alkylamines.6 In general, the conformers are not resolved on the
1

H NMR time scale because of the energetically low nitrogen inversion barrier. The 1H

NMR spectra of these conformational isomers can be differentiated at low temperatures.
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Figure 2.1 Types of pyrrolidinofullerenes.

For example, when the resonance frequencies of the β-protons were irradiated in Nmethyl pyrrolidine 2.1, the α-protons (Ha and Hb) were shown to be magnetically
equivalent and gave rise to a sharp singlet. Upon lowering the temperature the singlet
reversibly broadened and ultimately separated into two signals corresponding to the
protons cis and trans to the methyl group.
Many other factors have been found to affect the inversion frequency. The
homoconjugation of the nitrogen lone pair with the π-system6,7 lowers the rate of nitrogen
inversion. For example, nitrogen inversion in compound 2.2 was found to be much faster
than the inversion rate in 2.1.6 Nitrogen inversion is also slowed down in compounds
with electronegative substituents on the nitrogen and compounds with higher C-N-C
angle strain, as well as upon the protonation of the nitrogen.8 The inversion rate was also
found to be dependent on the solvent employed.6
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2.1

2.2

Scheme 2.1 N-methyl pyrrolidine (2.1) and 1-methyl-3-pyrroline (2.2).

Recently it was established that [60]fullerene has a small electron-withdrawing
effect on a directly fused pyrrolidine ring.9 Remarkably, the pyrrolidine nitrogen of Nmethyl 2-[2-(2-methoxyethoxy)ethoxymethyl] pyrrolidinofullerene (See Figure 1.2 in
Chapter 1) was found to be six orders of magnitude less basic than the nitrogen on a
similar pyrrolidine without the fullerene unit.9 The lower basicity of the
pyrrolidinofullerenes suggests a through-space interaction of the nitrogen lone pair and
the fullerene π-system, which makes the lone pair less available for protonation.
Pyrrolidinofullerenes also have larger C-N-C angles than pyrrolidines lacking the
fullerene adduct. Larger, less strained C-N-C angles minimize constrains on the nitrogen
inversion. Based on the lower basicity, π-conjugation of the nitrogen lone pair with the
fullerene, and the near coplanar C-C-N and C-N-C angles in the pyrrolidine ring, it is
reasonable to expect that the nitrogen inversion of the pyrrolidinofullerenes should be
faster than that of their non-fullerene counterparts.
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Synthesis and Characterization of Mixed Bis-adducts
Fullerene mixed bis-adducts containing both a bis(ethylcarboxy)methano and a
pyrrolidino addend were synthesized (Scheme 2.2). Some of the regioisomers of the
fullerene bis-adducts with identical and symmetrical addends are chiral and were
obtained as racemic mixtures.10-12 In particular, trans-2, trans-3, and cis-3 adducts were
mixtures of enantiomers due to their inherently chiral addition patterns. When the
addends were different but symmetric, all of the regioisomers except for trans-1, e’ and
e’’ were produced as racemic mixtures.

2.3
Scheme 2.2 Synthesis of mixed bis-adducts.

Although there have been studies of fullerene bis-adducts with two different
substituents, only a few reports describe mixed bis-adducts bearing a cyclopropane and a
pyrrolidine addend.13,14 Due to the higher selectivity and efficiency of the Bingel-Hirsch
reaction, we prepared hybrid pyrrolidino-bis(ethylcarboxy)methano-fullerene bis-adducts
starting with N-methyl pyrrolidinofullerene (2.3). Compound 2.3 was treated with
bromomalonate under Bingel-Hirsch conditions15 and the products were purified by silica
(SiO2) column chromatography. With this purification, three major fractions were
obtained: fraction I (2.4), II (2.5a and 2.5b), and III (2.6a and 2.6b).
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2.4
2.4

2.5a

2.6a

2.7

2.5b

2.8a

2.8b

2.6b

Scheme 2.3 Mixed bis-adducts (2.4, 2.5a/b and 2.6a/b) synthesized from Nmethyl pyrrolidinofullerene, and mixed bis-adducts (2.7, 2.7a/b and 2.7a/b) synthesized
from N-ethyl pyrrolidinofullerene.
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(a)

2.6a and 2.6b

(b)

2.5a and 2.5b
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(c)

2.4

Figure 2.2 1H NMR (500MHz) spectra in CDCl3 of (a) fraction I, later assigned to compounds 2.6a
and 2.6b; (b) fraction II, later assigned to 2.5a and 2.5b; (c) fraction III (compound 2.4).1 Copyright WileyVCH Verlag GmbH & Co. KGaA. Reproduced with permission.

All three fractions were characterized with techniques such as MALDI- TOF and
NMR. The most notable feature of the 1H NMR spectra of the three fractions were the
sharp resonances in the regions 4.75 - 4.30 ppm (quartet) and 1.65 -1.25 ppm (triplet) in
CDCl3 at room temperature, as seen in Figure 2.2. These signals are characteristic of the
ethyl moieties of the bis(ethylcarboxy)methano group attached to the C60 sphere.16 The Nmethyl group and the methylene protons of the pyrrolidine ring are expected to give rise
to two sharp resonances between 2.80 and 4.3 ppm in CDCl3/CS2. However, only very
broad and hardly discernible peaks were observed in this spectral region.17
Interestingly, similar results were obtained for mixed bis-adducts with N-ethyl
pyrrolidino groups in place of N-methyl groups. The 1H NMR spectra in CDCl3 of
compounds synthesized from N-ethyl pyrrolidinofullerene and isolated as fraction II and
III (Figure 2.3 b and 2.3 c) were very similar to the mixed bis-adducts synthesized from
N-ethyl pyrrolidinofullerene. The proton resonances of the bis(ethylcarboxy)methano
addend were identical to those of the N-methyl substituted bis-adducts, and the
pyrrolidine proton resonances were very broad as well.
Later, when the 1H NMR of 2.4 (fraction III) was taken in a different combination
of solvents, such as acetone-d6/CS2, the protons of the N-methyl and the pyrrolidine ring
were clearly observed in the expected spectral regions (Figure 2.4). We attributed the
extreme broadness of the pyrrolidino signals in CDCl3 to intermediate exchange rates for
ring inversion, which has no effect on the signals of the ethyl groups of the
bis(ethylcarboxy)methano moiety.
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Figure 2.3 1H NMR (CDCl3) of fraction II (a) and fraction III (b) of the mixed
bis-adducts containing an N-ethyl pyrrolidino and a bis(ethylcarboxy)methano group.1

Figure 2.4 1H NMR (500 MHz) spectrum in acetone-d6/CS2 of fraction III
(compound 2.4).1 Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.
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The solvent employed has proven to be a major factor in the nitrogen inversion
rates. It has been reported that the inversion barrier of the nitrogen in alkylamines,
including pyrrolidines, is larger in CDCl3 than in other less polar organic solvents.6 To
confirm this effect we have recorded the

1

H NMR spectrum of simple

pyrrolidinofullerene 2.3 in different solvents. Its spectrum in CDCl3 showed very broad
proton resonances which sharpened significantly when toluene-d8 was used instead
(Figure 2.5). Therefore, the inversion of the pyrrolidine nitrogen of compound 2.3 in
CDCl3 seemed to be slower than previously reported for the same compound in
CS2/CDCl3.18

Figure 2.5 1H NMR spectra of 2.3 in (a) CDCl3 and (b) toluene-d8.1 Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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The structure of compound 2.4, obtained from fraction III, was determined based
on 1H NMR analysis conducted in acetone-d6/CS2 (Figure 2.4) and unambiguously
assigned to the e’ isomer (2.4) after symmetry considerations were taken into account.
The methylene protons on the pyrrolidine ring of 2.4 were not equivalent because of the
presence of the bis(ethylcarboxy)methano group on one side of the fullerene sphere;
therefore the geminal protons exhibited an AB quartet splitting pattern. On the other
hand, the ethyl protons of the methano addend were magnetically equivalent and they
appeared on the spectrum as a quartet and a triplet. The quartet and triplet of the methano
addend in the e’-isomer are also clearly present in the spectra recorded in CDCl3 (Figure
2.2 c).
The structures of the compounds obtained from fractions I and II were also
assigned based on their NMR spectra. Since the polarity of the mixed bis-adducts was
expected to increase with decreasing distance between the addends due to the formation
of a molecular dipole moment (e’ > trans-4 > trans-3 > trans-2 > trans-1), the elution
order suggested that the isomers in fractions I and II, the more non-polar adducts, were
trans-2, trans-3, or trans-4. Careful examination of the 1H NMR spectra of these
fractions indicated that the compound in fraction I had the trans-2 isomeric structure and
fraction II was assigned to the trans-3, which had been reported earlier.13 Due to the
chirality of the addition site, the trans-2 isomer is a racemic mixture composed of 2.6a
and 2.6b and trans-3 is a racemic mixture composed of 2.5a and 2.5b, as depicted in
Scheme 2.3. One of the criteria employed to resolve the structures of compounds present
in the less polar fractions was the chemical shifts of their resonances. The proton
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resonances of bis-adducts composed of bis(ethylcarboxy)methano and N-methyl
pyrrolidine have been shown to be more shielded as the distance between the addends
decreases from trans-1 to cis-3.19 Based on these considerations, the bis-adducts with Nethyl pyrrolidine groups that were eluted as fraction I and II were assigned to compounds
2.8 a, b ( fraction I) and 2.7 (fraction II).
An interesting aspect of the 1H NMR spectra of compounds 2.5 and 2.6 (trans-2
and trans-3 regioisomers) was the complexity of the bis(ethylcarboxy)methano
resonances. Because of the position of the pyrrolidine addend on the C60 sphere relative
to the methano addend, the two ethyl groups are not equivalent, resulting in two different
–CH2- groups and two different –CH3 groups. Furthermore, the addition patterns of 2.5a,
2.5b and 2.6a, 2.6b are inherently chiral. Therefore, the methylene groups of the ethyl
moieties in the bis(ethylcarboxy)methano addend are diastereotopic and their prochiral
nature was clearly observed in the 1H NMR spectrum which was easily simulated as
depicted in Figure 2.6.

Figure 2.6 Simulated (a) and experimental (b) 1H NMR spectra (500 MHz) of the
racemic mixture composed of 2.5a and 2.5b.1 Copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission.
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Investigation of the Resonance Broadening in the Pyrrolidine Addend
After synthesizing the mixed bis-adducts, we decided to slow down the nitrogen
inversion as much as possible to determine its effect on the 1H NMR spectra. One factor
that affects the rate of inversion of the nitrogen in alkylamines is protonation of the
nitrogen which gives rise to an ammonium salt.

Figure 2.7 Alkylamine inversion and protonation. (*) denotes the inverted form
of alkylamine.8

In order to understand the changes, if any, we first assessed the effect of
protonation on simple pyrrolidinofullerene 2.4. The formation of the N-methyl
pyrrolidino[60]fulleronium was accomplished by the addition of a drop of trifluoroacetic
acid-d (TFA-d) directly into an NMR tube containing a solution of compound 2.3 in
CDCl3. As a result, the 1H NMR spectrum of 2.3 exhibited a dramatic change. The broad
resonances observed for both the methyl and the methylenes of the pyrrolidine group
(Figure 2.8 b), were transformed into a sharp singlet and an AX quartet, respectively, as
shown in Figure 2.8 c. The broad N-methyl signal resolved into a very sharp singlet and it
was also significantly shifted downfield from 3.10 ppm to 3.80 ppm.
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2.4

2.4’

2.4”

2.3

2.3’

2.3’

Scheme 2.4 Protonation of compounds 2.3 (bottom) and 2.4 (top).

At the same time, the geminal proton resonances of the pyrrolidine group, Ha and
Hb, split into two sharp doublets that were shifted downfield by one ppm. These results
indicated that protonation of the pyrrolidine nitrogen of 2.3 gave rise to two identical
structures, 2.3’ (Scheme 2.4, bottom). In the slow exchange regime, structures 2.3’ were
conformationally locked and the geminal protons of the pyrrolidinium ring were
positioned in different environments, which caused the AX splitting pattern.
The effect of the solvent on the nitrogen inversion was also clearly observed in
another revealing experiment. As discussed above, the NMR resonances of the
pyrrolidine protons of simple mono N-methyl pyrrolidinofullerene 2.3 were unusually
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broad in CDCl3. Addition of deutorated trifluoroacetic acid (TFA-d) led to a dramatic
change where an AX quartet appeared and all resonances were shifted downfield due to
the deshielding effects of the positive charge on the nitrogen. On the other hand, when
traces of water were added to a solution of 2.3 in CDCl3 the inversion rate seemed to
increase: the two broad resonances were transformed into two sharp singlets (Figure 2.8
a), similar to those observed in toluene-d8 at room temperature (Figure 2.5 b).
Therefore, NMR experiments of pyrrolidinofullerenes conducted in deuterated
solvents containing traces of water exhibit fast inversion rates. We believe that this is
probably the situation for most pyrrolidinofullerenes reported to date, since extremely
broad resonances for the pyrrolidine addend (Figure 2.2) are otherwise observed in very
dry chloroform media.
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Figure 2.8 1H NMR (500 MHz) of 2.3: (a) CDCl3/H2O (b) CDCl3; (c)
CDCl3/TFA-d.1 Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.
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In the case of mixed bis-adducts, protonation of the pyrrolidine nitrogen would
lead to the formation of multiple diastereomers (Scheme 2.4 and 2.5). Consequently, we
observed a more complicated splitting pattern in these cases. The e’-bis-adduct 2.4 was
protonated in the same manner as 2.3 and upon the addition of TFA-d to 2.4 (Figure 2.9
c) its spectrum confirmed the formation of two diastereomeric salts 2.4’ and 2.4’’
(Scheme 2.4, top). The α-CH2 protons of compound 2.4’ appeared as two AX doublets
while the other diastereomer 2.4’’ gave rise to two other pairs of doublets. Clearly, the
AX doublet of doublets at ~5.4 ppm appeared as a triplet because of accidental overlap of
resonances, which was subsequently confirmed by two-dimensional correlation
spectroscopy (COSY) experiments (Figure 2.10 a). The other two AX doublets resonate
at ~4.6 ppm. The presence of two diastereomers was further corroborated by the presence
of two N-methyl resonances at 3.55 and 3.56 ppm.
Protonation of the trans-3 racemic mixture of bis-adducts 2.5a and 2.5b led to the
formation of four species (compare Figures 2.2 b, and 2.9 b). Enantiomer 2.5a was
converted to two diastereomeric salts, 2.5a’ and 2.5a”, and 2.5b was converted to 2.5b’
and 2.5b’’ (Scheme 2.5). However, we could only detect two members of this
diastereomeric mixture in the NMR spectrum since 2.5a’ and 2.5b’ are enantiomers and
similarly so are 2.5a” and 2.5b”. Figure 2.9 b clearly showed the four AX quartets of the
four methylene protons of the pyrrolidine ring. A careful examination established that the
ratio of the chemical shift to the coupling constant, ∆ν/J, was greater than 10.8 Therefore,
the protons became an AX system after addition of TFA-d, unlike the AB pattern
observed for 2.4 in CS2/d-acetone.
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2.5b

2.5a

2.5a’

2.5b’

2.5a”

2.5b”

Scheme 2.5 Expected isomers upon protonation of compounds 2.5a/2.5b.
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2.6a and 2.6b
+ CF3COOD

(a)

2.5a and 2.5b
+ CF3COOD

(b)
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(c)

2.4
+ CF3COOD

Figure 2.9 1H NMR (500MHz) of compounds 2.4, 2.5a/2.5b, 2.6a/2.6b after addition
of TFA-d.1 Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

Similar results were obtained for trans-2 isomers 2.6a and 2.6b (compare Figure
2.2 a and 2.9 a). Close inspection of the NMR spectra of the bis-adducts revealed a
deshielding effect in both the non-protonated (Figure 2.2) and protonated (Figure 2.9)
mixed bis-adducts which was directly related to the distance between the addends. The
closer the addends were, the less the deshielding effect. Thus, the resonances were more
deshielded for 2.6a and 2.6b than for 2.5a and 2.5b, which in turn were more deshielded
than for 2.4. On the other hand, the chemical shifts of the malonate groups were only
slightly altered since they are farther away from the protonation site (compare Figure 2.2
and Figure 2.9).
Two-dimensional NMR experiments were crucial in the characterization of the
bis-adduct derivatives. The COSY of 2.4 and of the 2.5a/2.5b mixture allowed us to
determine the identity of the diastereomers since the geminal protons of the pyrrolidine
rings (Ha and Hb) are correlated only to each other (Figure 2.10). In addition the COSY
experiment clearly indicated that the splitting pattern in proton spectra of 2.3-2.6 upon
protonation in chloroform is AX and not an AB system.
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2.4
+ CF3COOD

2.5a and 2.5b
+ CF3COOD

Figure 2.10 COSY NMR of 2.4 (left) and 2.5a/2.5b (right) after addition of d-TFA; an arrow
indicated correlating doubltes.

As an alternative to “freezing” the conformers via protonation of the nitrogen, we
conducted NMR experiments at very low temperatures in order to slow down the
nitrogen inversion. With this aim, 1H NMR spectra of 2.3 were taken at various
temperatures in toluene-d8. As shown in Figure 2.10, upon lowering the temperature of
the toluene solution, the resonance of the methylene protons showed a significant upfield
shift which broadened and ultimately split into a doublet. These signals corresponded to
the protons cis and trans with respect to the N-methyl group, which in turn remained
relatively sharp even at low temperatures. We employed the 1H NMR lineshape analysis
of the methylene signals at variable temperatures to calculate the rate constants for the
nitrogen inversion. Dynamic NMR simulations were performed with DNMR3 software,
which is included in the SpinWorks package, and the rate constants were determined
(Table 2.1) by comparing experimental and theoretical spectra between -20 °C and -90
°C. From these data, an Eyring plot was used to calculate the enthalpy of activation, ∆H≠
= 35.6 ± 1.5 kJ mol-1, and the entropy of activation, ∆S≠ = -3.3 ± 6.7 J mol-1 K-1 (Figure
2.12). The entropy term is close to zero as expected for an intramolecular process such as
nitrogen inversion.6
Interestingly, the enthalpy of activation for the nitrogen inversion of 2.3 is close
to the enthalpy of activation of an unconstrained nitrogen inversion, such as in the 5membered cyclic molecule 2.1.6,7
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Figure 2.11 1H NMR of 2.3 at various temperatures in toluene-d8.1 Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

Unlike compound 2.2, where the presence of the π-system makes the inversion
much faster, conjugation of the nitrogen lone pair with the π-system of the C60 core in 2.3
has less effect on the nitrogen inversion rate. Probably, the electronegative nature of a
fullerene as a substituent, and not the π-conjugation between the pyrrolidine nitrogen and
the fullerene, affects the nitrogen inversion, contrary to the basicity argument.
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Table 2.1 Rates of nitrogen inversion of determined by Dynamic NMR simulations1

kex (s-1)

T (K)

250

185

760

195

1100

199

3200

208

10000

220

11000

225

30500

230

40000

235

56500

245

110000

249

220000

253

Figure 2.12 Eyring plot employed to calculate the enthalpy of activation and the
entropy of activation for the pyrrolidine nitrogen inversion process.1
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Proton Resonance Broadening in Fullerene Pyridyl-pyrrolidino Addends
Similar to the case of mixed bis-adducts 2.4-2.6, we have observed a broadening
of the pyrrolidine and pyridyl proton resonances in mixed penta and hexaadducts 1.8a,
1.8 a/b and 1.9 discussed in chapter 1. In these compounds the pyrrolidine nitrogens are
connected to the aromatic pyridines. The pyrrolidine nitrogens in compounds 1.8, 1.9 and
1.1 are expected to be less basic than nitrogens in compounds 2.3-2.6, since arylamines
are usually much less basic than alkylamines (in water solutions). On the other hand, the
protonation of the nitrogen on the aromatic pyridine ring is probably stabilized in a
manner similar to DMAP. It is also likely that the pyrrolidine nitrogen inversion is very
rapid and cannot be detected by NMR because the nitrogen in arylamines is already
present as an intermediate state between the sp2 and sp3 hybridization states. As seen from
X-ray structure of 1.1 in Figure 1.8, the angle between the axis going through the
fullerene sphere and the pyrrolidine nitrogen and the axis going through the pyridyl
addend is almost straight (11o).
To investigate the nature of the proton resonance broadenings of compounds 1.8a
and 1.8b we have synthesized N-phenyl pyrrolidinofullerene 2.9. The 1H NMR spectra of
this compound are very similar in both d-acetone/CS2 and d-chloroform and the
resonances of the pyrrolidine protons are sharp in both cases (Figure 2.13 a, b). The
addition of a drop of TFA to a chloroform-d solution of compound 2.9 did not cause the
splitting of the spectra into an AB (or AX) system (Figure 2.13 c). However the chemical
shifts of all the protons of 2.9 were affected significantly.
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2.9

(a)

(b)

(c)

Figure 2.13 1H NMR of compound 2.9 in (a) CS2/d-acetone, (b) d-CDCl3 and (c)
CDCl3/TFA-d.
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We

speculate

that

the

resonance

broadenings

in

the

spectra

of

monopyrrolidinofullerenes 1.8a, 1.8a/b with four malonate addends is caused by
protonation/deprotonation of the pyridine nitrogen. However, when the 1H NMR of
simple pyridyl-pyrrolidinofullerene 1.1 was taken in d-chloroform (Figure 2.14 a), the
proton resonances of the pyridyl-pyrrolidino group of the fullerene monoadduct 1.1 did
not exhibit any broadening.

1.1

(a)

(b)

Figure 2.14 1H NMR (500 MHz) of 1.1 in (a) CDCl3; (b) CDCl3/TFA-d.
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One of the possible explanations is that since the synthesis of pyridyl-pyrrolidine
addends involved the HCl salt of N-pyridylglycine, compound 1.1 could already be in a
protonated form. This explanation is corroborated by the fact that upon addition of d-TFA
to N-pyridyl pyrrolidinofullerene, the chemical shifts changed only slightly with no
splitting into an AB/AX system (Figure 2.14 b).
The addition of d-TFA to a chloroform solution of symmetric adduct 1.8a caused
a substantial change in the proton resonances (Figure 2.15). The broad resonance
corresponding to the methylene protons of the pyrrolidine ring became a sharp peak and
was shifted downfield from 4.5 ppm to 4.75 ppm. Upon further addition of TFA the
chemical shifts remained the same and both of the pyridyl proton resonances became
discernible at 6.99ppm and 8.26 ppm.
In the case of unsymmetric penta-dduct 1.8b, the addition of TFA also caused a
significant sharpening of the proton resonances of the pyridylpyrrolidino addend and the
AB system of the inherently nonequivalent methylene protons of the pyrrolidine group
became easily distinguishable (Figure 2.16).
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(a)

1.8a

95

(b)

(c)

Figure 2.15 COSY NMR of 1.8a in (a) CDCl3 and upon two consecutive additions of TFA-d, (b) and (c).

1.8b
’

1.8b
”

(a)

(b)

Figure 2.16 1H NMR (500 MHz) of 1.8b in (a) CDCl3; and in (b) CDCl3/TFA-d.

In summary, pyrrolidinofullerenes with aromatic substituents on the pyrrolidine
nitrogens do not exhibit proton resonance broadening due to the slower inversion rates.
The broadening, observed in the NMR spectra of mixed multi-adducts 1.8a and 1.8b, can
most likely be attributed to the protonation/deprotonation events occuring at the nitrogen
of the aromatic pyridine ring.
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Conclusion
Based on the broadening of the 1H NMR resonances, we have shown that the
pyrrolidine group in some pyrrolidinofullerenes, such as compounds 2.3-2.6, can exhibit
a much slower inversion of configuration than expected depending on the solvent media.
We have also shown a detailed investigation of the effect of the media on the NMR
characterization. Employing

1

H NMR as a characterization technique may prove

ineffective in some solvents if the signals are too broad to be noticeable. A drop of TFAd can be added to the NMR tube to “freeze” the nitrogen inversion, resulting in sharper
peaks with clearly identifiable correlation patterns. TFA can be later easily removed by
simple evaporation.
Although

the

methylene

protons

of

symmetric

pyrrolidine

rings

in

pyrrolidinofullerenes are usually considered to be magnetically equivalent, we have
demonstrated that in some solvents, such as d-chloroform, the methylene protons are
equivalent ONLY if their NMR spectra are taken in solvents containing traces of water.
TFA-d can serve as a useful tool during the characterization of pyrrolidinofullerenes
structures in the future.
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Experimental Section
General. Commercially available materials were used as received unless
otherwise specified. Compound 2.4 was synthesized according the literature
procedures.[6] 1H and 13C NMR spectra were recorded on a Bruker 500 MHz or 300MHz
and referenced to TMS or the solvent used, as noted. HPLC was performed using
COSMOSIL® Buckyprep-M Packed Column, 10.0mm I.D.×250mm. Mass spectra were
obtained with an Omni Flex MALDI-TOF spectrometer.
Compounds 2.4, 2.5 and 2.6: To a solution of 2.3 (50 mg, 0.06mmol) in o-DCB
a diethyl bromomalonate (10µL, 0.06 mmol), DBU (17µL, 0.12mmol) were added. After
5 min the reaction mixture was purified by column chromatography (SiO4, CH2Cl2).
Compound 2.4 was isolated in 9% yield (5.5 mg). The TLC analysis in CH2Cl2
gave a retention factor of 0.3. 1H NMR (500MHz, d-acetone/CS2): δ = 4.38 (q, J=20Hz,
4H), 4.22 (d, J=15Hz, 2H), 4.13 (d, J=15Hz, 2H). 2.88 (s, 3H); 1.43 (t, J=11Hz, 6H) 1H
NMR (500MHz, CDCl3): δ = 4.45 (q, J=20Hz, 4H), 2.42 (t, J=11HZ 6H); MALDI-TOF
MS: m/z: 936 [M+].
Compound 2.5 was isolated in 18% yield (11 mg). The TLC analysis in CH2Cl2
gave a retention factor of 0.45. 1H NMR (500MHz, CDCl3): δ = 4.53-4.48 (m, 2H), 4.394.33 (m, 2H), 1.47 (t, J=6.5Hz, 3H). 1.32 (t, J=6.5Hz 3H); MALDI-TOF MS: m/z: 936
[M+].
Compound 2.6 was isolated in 2.4% yield (1.4 mg). The TLC analysis in CH2Cl2
showed a retention factor of 0.49. 1H NMR (500MHz, CDCl3): δ = 4.82-4.76 (m, 2H),
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4.53 (q, J=7Hz, 2H), 1.67 (t, J=7.5Hz, 3H). 1.47 (t, J=7.5Hz 3H); MALDI-TOF MS: m/z:
936 [M+].
N-ethyl-pyrrolidino-bis(ethylcarboxy)methano[60]fullerene. To a solution of
N-ethyl pyrrolidino[60]fullerene (50 mg, 0.063 mmol) and diethyl bromomalonate (8µL,
0.06 mmol) in o-DCB, DBU (14µL, 0.10mmol) was added. After 5 min the reaction
mixture was purified by column chromatography on silica using CH2Cl2.
Fraction II was isolated in 16 % yield (9.6 mg): MALDI-TOF MS: m/z: 950 [M+];
Fraction III was isolated in 9% yield (3.6 mg): MALDI-TOF MS: m/z: 950 [M+].
N-Phenyl pyrrolidinofullerene 2.9: [60]fullerene (50 mg, 0.06mmol) and Nphenyl glycene (10µL, 0.06 mmol) were refluxed in o-DCB , DBU (17µL, 0.12mmol)
was added. After 5 min the reaction mixture was purified by column chromatography on
silica using CH2Cl2. 1H NMR (500MHz, d-acetone/CS2): δ = 5.21 (s, 4H), 6.97 (m, 1H),
7.31 (m, , 2H), 7.39 (m, 2H); 1H NMR (500MHz, CDCl3): δ = 5.18 (s, 4H), 7.06 (m, 1H),
7.35 (m, , 2H), 7.50 (m, 2H MALDI-TOF MS: m/z: 839 [M+].

99

Hb

Hc
Ha

Ha
Hb
Hc

2.9
Figure 2.17 COSY NMR of 1.9 in CS2/d-acetone.
Simulation Parameters for Figure 2.6.
Shift
J(Hz)
Nucleus Group W1/2,
(#n)
Hz
(ppm)
1
1H
1(1)
0.6
4.618
2(1)
0.6
4.599
11.0
3(1)
0.6
4.456
0
4(1)
0.6
4.445
0
5(3)
0.6
1.534
7.1
6(3)
0.6
1.407
0

100

2

3

4

5

0
0
7.1
0

11.0
0
7.1

0
7.1

0
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CHAPTER THREE
ELECTROCHEMICAL STABILITY OF METHANOFULLERENES, C60Cl30 AND
PYRROLIDINOFULLERENES
Introduction
In 1986 the C60 molecule was theoretically predicted to have energetically low,
triply degenerate LUMO (lowest unoccupied molecular orbital) that could accept up to
six electrons.1 This was experimentally confirmed in 1992 when six reduced states of C60
were detected by electroanalytical techniques.2 Figure 1.6 in chapter 1 shows six
successive reversible one electron reductions revealed by cyclic voltammetry and
differential pulse voltammetry. Voltammetric studies also showed up to three successive
oxidations occurring at very positive potentials, in agreement with theoretical
predictions.3 Moreover the potential difference between the first cathodic and the first
anodic waves could be used as a measure of the energy difference between the HOMO
and LUMO of the molecule in solution, e.g. the HOMO-LUMO gap of C60, which was
determined to be 2.3V.4 The rich redox chemistry initially established for C60 with the
help of CV, DVP, and SWV led to the further employment of these electroanalytical
techniques as the common tools for characterization C60 derivatives, higher fullerenes,
and endohedral metallofullerenes.5
Electrochemical investigations revealed that, typically, derivatization of fullerene
decreases the electron affinity of the C60 sphere and the reduction becomes harder. This is
manifested in catholically shifted reduction waves.5-8 In addition, some functionalized
fullerenes showed electrochemically and chemically irreversible behavior. In particular,
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electro reductions of some derivatives, such as cyclopropane derivatives,9-11
dihydrofullerenes,12,13 chlorinated [60]fullerenes,14 electro-oxidations of some metal
derivatives of [60]fullerene,15 led to a complete detachment of the addends from the C60
core and recovery of pure C60. In other examples, the electro reduction did not give rise to
a complete decomposition back to the parent fullerene but rather to conversion to other
species, e.g. fulleroid to methanofullerene isomerization,16-18 electropolymerization of
[60]fullerene epoxide,19 and rearrangements of the addends on the fullerene sphere.20,21
Chemical stability and changes in electronic properties upon addition or removal
of an electron to/from a fullerene derivative are important factors that have to be taken
into account when potential applications of theses materials into optoelectronic,
photovoltaic devices, or components for molecular electronics are considered. On the
other hand, the instability upon reduction/oxidation is not always an undesirable event
and may be employed as a synthetic tool. For instance, an unstable addend can be used as
a temporary protecting group which can be later removed upon reduction/oxidation, as
shown in Chapter 1.
In this chapter the electrochemical stability of some fullerene derivatives under
electro reductive and oxidative conditions are discussed. In particular, the stability of
some methano adducts, known to undergo retro-cyclopropanation reactions, the stability
of chlorinated fullerene C60Cl30 and the stability of pyrrolidinofullerenes under oxidative
conditions are discussed. Also the experimental techniques used to conduct these studies
are described in detail.
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Electrochemical Behavior of Methanofullerenes under Reductive
Electrochemical Conditions
Background
Once the synthetic methods for obtaining of methanofullerenes were
established,22-26 these derivatives were extensively characterized and explored.
Methanofullerenes were considered as chemically and thermally stable species, and were
predicted to undergo decomposition only at very high temperatures.27 Later, however, a
number of methanofullerenes was shown to be unstable under reductive conditions.9,10,20
Initially, the electrochemical instability of methanoderivatives with cyano, nitro, and
carboxyethyl addends was reported by Wudl and co-workers.28 These reports28-30 led to
the

discovery

of

a

bis(alkoxyycarbonyl)methano

retro-cyclopropanation
adducts.11

The

reaction
detachment

occurring
of

in
the

bis(alkoxycarbonyl)methano group from the C60 sphere occurred when the molecule was
reduced to its dianionic state. As a result, C60 was recovered in 80% yield (Scheme 3.1).

3.1
Scheme
3.1
Electrochemical
retro-cyclopropanation
bis(ethoxyycarbonyl)methano[60] fullerene 3.1.
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reaction

of

The reduction was achieved using controlled potential electrolysis in the absence
of oxygen at potentials more negative that the second reductive CV wave. Further
investigations showed that a charge transfer corresponding to approximately two
electrons per molecule was required for complete removal of one methano bridge.9,21,31
Interestingly, two-electron electrolysis of bis-derivatized fullerenes resulted in
repositioning (shuffling) of the bis(alkoxycarbonyl)methano group on the fullerene
sphere.20 An important aspect of the retro-cyclopropanation reaction was the selectivity
demonstrated for a series of mixed bis-adducts of C60 with two addends, one of which
was always a bis(alkoxycarbonyl)methano group.32,33 The CPE of all the mixed bisadducts resulted in selective removal of bis(alkoxycarbonyl)methano addend with yields
of the corresponding mono-adduct being higher than 60%.9,32,33 For example Scheme 3.2
shows the selective electrochemical removal of bis(ethoxycarbonyl)methano addend
from a mixed derivative with an N-methyl pyrrolidino group as a second group.

Scheme 3.2 Electrochemical retro-cyclopropanation reaction of mixed bis-adduct
with bis(ethoxycarbonyl)methano and N-methyl pyrrolidino addends.
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The efficient electrochemical retro-cyclopropanation reactions occurred also in
methanofullerenes other than bis(alkoxycarbonyl)methano derivatives. The mechanism of
the retro-cycloaddtion reaction is complex and proceeds via heterocyclic ring opening
and formation of singly bonded dimers as intermediates20,34-37 Studies with fluorescent
labeling revealed the presence of the parent fullerene and the malonate, originally used to
synthesized the methanofullerene under study, as final products.38 In time, the wetchemical approach for conducting a retro-cyclopropanation reaction was introduced and,
based on the electrochemical findings, utilized a chemically induced reduction.39-43 The
utilization of this “retro”-reaction is versatile. For example, it was used for higher
fullerenes, as means to separate C76 enantiomers11 (their methano addends were optically
active). It was also used to obtain otherwise not accessible bis-adduct of C78 by
conducting the “retro”-reaction on a tris-adduct of C78.9 Finally, we have shown the
utilization of this reaction in Chapter 1 as part of a protection/deprotection strategy
involved for synthesis of trans-1 bis-pyrrolidinofullerenes 1.10.
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Retro-cyclopropanation Reactions of Bis-Methano [60]Fullerene Adducts with Tröger
Base
Recently a set of bis-cyclopropanated derivatives of C60, with two malonate
addends connected with various Tröger bases, was achieved.44 These derivatives were
synthesized via the tether directed remote functionalization method described in Chapter
1. The synthesis of derivatives 3.2, 3.3, and 3.4 proceeded with excellent regioselectivity,
and the yield of the trans-1 derivative 3.4, containing the naphthalene moieties on the
tether, was exceptionally high (58%).

3.2 (trans-4)

3.3 (trans-2)

3.4 (trans-1)
Scheme 3.3 Trans-4, trans-2 and trans-1 [60]fullerene bismalonates attached to a
Tröger base.
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The X-ray crystallographic analysis suggested the possibility of intramolecular
interactions between the naphthalene rings and the fullerene core that could lead to a
higher stability of this bis-adduct.45
Since the malonate addends are known to undergo the retro-cyclopropanation
reaction, we have conducted electrochemical investigations to determine the stability of
the trans-1 bis-adduct 3.4 compared to other bis-adducts 3.2 and 3.3. Compounds 3.2, 3.3
and 3.4 were provided by Dr. Sergei Sergeyev and Prof. Diederich, Laboratory of Swiss
Federal Institute of Technology, Zurich.
Figure 3.1 displays the CVs of the three compounds under study: trans-1, trans-2
and trans-4 bis-adducts. All three compounds exhibit chemically and electrochemically
reversible behavior at potentials corresponding to the first reduction process. Upon
scanning of the potential to the second reduction, the trans-4 derivative 3.2 shows a
decreased anodic current and the appearance of a new anodic wave at -1.43 V. This is a
typical chemically irreversible behavior during a retro-cyclopropanation reaction which
occurs after addition of a second electron to the molecule. The first reduction of the
trans-2 derivative 3.3 is also reversible; however the potential is 60 mV more positive
than the first reduction potential of the trans-4 derivative 3.2 (Table 3.1). The trans-2 bisadduct 3.3 exhibits irreversible (chemical and electrochemical) behavior during the
second reduction similar to 3.2. Although the second reduction processes of trans-2 and
trans-4 derivatives cannot be compared based on their E1/2 values, the trans-2 derivative
appears to be easier to reduce to its corresponding dianion, if the corresponding cathodic
peak potentials of both compounds are compared.
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compound 3.4

compound 3.3

compound 3.2

Figure 3.1 CV of (a) 0.2 mM trans-1, (b) 0.2 mM trans-2, (c) 0.2 mM trans-4
bis-adducts in CH2Cl2, 0.1 M Bu4NPF6, scan rate 100 mV/s, room temperature.

Table 3.1 Redox potentials of C60[a], 3.2, 3.3 and 3.4 given in volts relative to
ferrocene/ferrocinium couple; scan rate 100 mV/s

E11/2
E2

C60a

trans-4 (3.2)c

trans-2 (3.3)c

trans-1 (3.4)c

-0.98

-1.17(70)

-1.11(65)

-1.17(69)

-1.37(67)b

-1.61

-1.52

-1.57(66)

[a] In CH3CN/toluene,2 [b] In CH3CN/CH2Cl2 in the presence of 0.1 M Bu4NPF6,46 [c] In
CH2Cl2 in the presence of 0.1 M Bu4NPF6.
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The trans-1 bis-adduct 3.4 appears to have first and a second reduction potentials
similar to the first and second reduction potentials the trans-4 bis-adduct 3.2. However, in
contrast to compounds 3.2 and 3.3, compound 3.4 exhibits perfectly reversible behavior
in the second reduction process. This indicated that the trans-1 bis-adduct is more stable
relative to the other bis-adducts and maintained the malonate addends attached to the
fullerene core during the CV experiment. The higher stability may be a result of the
interaction between the π-system of the naphthalene moieties and the π-system of the
fullerene sphere.
To further investigate the stability of the bis-adducts 3.2, 3.3 and 3.4 under
reductive conditions, the CPE of all three compounds was performed in dichloromethane.
The trans-4 bis-adduct 3.2 was first reduced using bulk electrolysis at the potential 100
mV more negative than its first reduction wave. Once the net charge transferred to the
electrolysis solution was equivalent to one electron per molecule, the electrolysis was
stopped and the CV and OSWV were conducted. As seen from Figure 3.2 b, upon
addition of one electron per molecule the rest potential of the solution changed but the
CV behavior was the same as that of the neutral compound 3.2. This result is consistent
with the earlier CV investigations (Figure 3.1) which indicated that no chemical reaction
took place after one electron reduction. The electrolysis was continued at the potential
corresponding to a second reduction wave. At this potential the dianion is formed and the
methano addend is expected to undergo the retro-cyclopropanation reaction. During the
bulk electrolysis of this step, upon transfer of one electron per molecule, the current did
not reach the background value.
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Figure 3.2 CVs of 0.45 mM trans-4 bis-adduct 3.2 in CH2Cl2 (0.1 M Bu4NPF6, under vacuum and at
room temperature, scan rate 100 mV/s) of the original compound, upon addition up to 5 e- and after reoxidation of the solution

Figure 3.3 OSWVs of 0.45 mM trans-4 bis-adduct 3.2 in CH2Cl2 (0.1 M
Bu4NPF6, under vacuum and at room temperature, scan rate 100 mV/s) of the original
compound, upon addition up to 5 e- and after re-oxidation of the solution.

However, the electrolysis was interrupted at this point and the solution was
analyzed by CV and OSWV. As seen from Figure 3.2 c and Figure 3.3, obvious changes
had taken place and new waves appeared due to the formation of new species in the
solution, which clearly indicated that a chemical reaction had taken place. The new
species, detected by CV, were the intermediates formed during the transformation of the
bis-adducts into C60. The reduction of the solution was continued at the same potential
and stopped after each successive addition of an electron per molecule. Upon addition of
a charge equivalent to four electrons per molecule three reversible reduction processes
became evident, indicating the probable presence of C60 as the predominant species. To
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complete the reaction the solution was electrolyzed further at the potential that
corresponded to the formation of a trianionic species. After adding 5 electrons per
molecule compound 3.2 appeared to undergo the complete retro-cyclopropanation
reaction and was fully converted into C60. The color of the electrolysis solution at that
point turned purple, characteristic of dissolved C60. Upon reoxidation at 0 V and product
analysis by TLC, C60 was recovered as the main product.
Similarly, trans-2 derivative 3.3 and trans-1 derivative 3.4 were electrolyzed by
subsequent electron per mole addition until the charge transferred to the solution was
equivalent to five electrons per molecule. Figure 3.4 shows some of the representative
CVs during the electrolysis of 3.3. Upon addition of four electrons, the CV exhibited
three reversible reduction processes, as in the case of the electrolysis of 3.2, indicating
that the electrolysis solution also contained C60 as the main species. However, unlike
trans-4 bis-adduct, the addition of five electrons per molecule to the trans-2 bis-adduct
did not lead to a complete retro-cyclopropanation, as evidenced by the presence of other
species in solution besides C60 (Figure 3.5). This suggested that the retrocyclopropanation reaction of the trans-2 derivative is more difficult than for the trans-4
derivative.

114

Figure 3.4 Representative CVs during the CPE of 0.32 mM trans-2 bis-adduct
3.3 in CH2Cl2, 0.1 M Bu4NPF6, under vacuum and at room temperature, scan rate 100
mV/s.
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Figure 3.5 OSWVs of 0.32 mM trans-2 bis-adduct 3.3 in CH2Cl2 (0.1 M
Bu4NPF6, under vacuum and at room temperature, scan rate 100 mV/s) of the original
compound, upon addition up to 5 e- and after re-oxidation of the solution.
In the case of trans-1 bis-adduct 3.4, despite its higher stability under the CV time
scale, a two electron electrolysis led to a typical retro-cyclopropanation. The new
reduction waves were readily observed upon two electron reduction by the OSWV
experiment (Figures 3.6 b and 3.7). Upon addition of five electrons and reoxidation at 0
V, C60 was recovered as the main product similar to the cases of trans-4 and trans-2
derivatives.
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Figure 3.6 Representative CVs during the CPE of 0.32 mM trans-1 bis-adduct
3.4 in CH2Cl2, 0.1M Bu4NPF6, under vacuum and at room temperature, scan rate 100
mV/s.

117

Figure 3.7 OSWVs of 0.15 mM trans-1 bis-adduct in CH2Cl2 (0.1 M Bu4NPF6,
under vacuum and at room temperature, scan rate 100 mV/s) during the CPE.
Therefore we have shown that the Tröger base connected bis-malonate adducts
3.2, 3.3, and 3.4 are unstable upon electron reduction conditions and undergo typical
retro-cyclopropanation reaction. Out of the three compounds, the trans-4 bis-adduct 3.2
seems to decompose to the parent C60 most readily. The trans-1 derivative 3.4, appears to
be more stable under reduction conditions on the CV time scale, decomposing to C60
upon bulk electrolysis in the same way as the trans-2 derivative 3.3.
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Stability of Chlorinated [60]Fullerene Derivatives under
Reductive Conditions
Recently a synthesis of highly chlorinated [60]fullerene, C60Cl30, with a drum
shaped carbon cage was reported (Figure 3.8).47,48 The most remarkable characteristic of
this molecule is its remarkable thermal stability. Decomposition back to pristine C60 and
Cl2 occurred only at 450-500 0C, which is the highest temperature reported for
chlorinated fullerenes. This compound also exhibited strong light absorption in the 350800 nm region and was suggested for a potential uses in light harvesting assemblies for
solar energy conversion.48

Figure 3.8 C60Cl30 molecule and its Schlegel diagram. Reprinted from ref. [48],
Copyright 2006, with permission from Elsevier.

To further probe the electrochemical properties and stability of C60Cl30 we have
conducted electrochemical investigations of this compound, which was sent to us by Dr.
Troshin of Institute of Problems of Chemical Physics of RAS, Russia.
Figure 3.9 displays the CV characterization of C60Cl30 in o-dichlorobenzene. The
first reduction process is electrochemically and chemically irreversible.
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Figure 3.9 The CV of C60Cl30 before (a) and after (b) addition of C60.

Table 3.2 Redox potentials[a] of C60 and C60Cl30 given in volts relative to
ferrocene/ferrocinium couple in o-dichlorobenzene
C60

C60Cl30

Ered, 1

Ered, 2

Ered, 3

Ered, 4

Epc

-1.12

-1.5

-1.94

-2.41

Epa

-1.03

-1.41

-1.87

-2.34

E1/2

-1.08

-1.45

-1.91

-2.37

E,ox
0.64

E red,1

Ered, 2

Ered, 3

Ered, 4

Ered, 5

-0.80

-1.11

-1.48

-1.94

-2.41

-1.04

-1.41

-1.87

-2.31

-1.08

-1.45

-1.91

-2.36

[a] Conditions: supporting electrolyte: 0.05 M Bu4NPF6; working electrode: carbon disk
(1mm diameter); counter electrode: platinum wire; reference electrode: Ag/AgNO3; scan
rate, 100 mV/s
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The four reversible reductions following the irreversible process are characteristic of
pristine C60, as evidenced by addition of C60 into the analyte solution and also by
comparing the reduction potentials (Table 3.2).
Interestingly, the CV investigations of C60Cl30 are almost identical to CV
investigations of C60Clx.14 Similarly, it appears that C60Cl30 is converted into C60 even on
the CV time scale. At a slow scan rate of 20mV/sec, the peak height corresponded to an
approximately 30 e- reduction. Faster scan rates, at 1V/sec reduced the peak current of
the first reduction. The electrochemical potential of the irreversible reduction peak was
also found to be electrode, temperature, and scan rate dependant, typical behavior for
aryl-halide reductions. Therefore, we concluded that after the first electrochemical
reduction the Cl- detaches from the fullerene sphere.

Figure 3.10 CV of C60Cl30 before and after addition of Cl-.
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Carbon electrode
Gold electrode
Platinum electrode

Figure 3.11 CV of C60Cl30 with GC, Au, and Pt working electrodes.

The first oxidation process seems to correspond to the irreversible reduction
process. To examine the nature of the first oxidation, the CV measurements were
conducted using different electrodes. The potential of the first oxidation seems to be
greatly influenced by the material of the electrode, while the reduction potentials were
not changed. Addition of chloride ion (tetrabutylammonium chloride, TBACl) in solution
confirmed that the nature of the oxidative wave was the oxidation of Cl- to Cl2.
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Figure 3.12 CV of C60Cl30 before and after addition of Cl-.

A controlled-potential electrolysis of C60Cl30 at a potential 100 mV more negative
than the first reduction wave was carried out in a typical set up described in the
experimental section. Upon addition of a charge corresponding to 20 electrons per
molecule, the starting material was converted into C60, although the number of electrons
transferred was not exact because C60Cl30 was not completely soluble in odichlorobenzene. HPLC (Figure 3.14) and MALDI-TOF undoubtedly showed that the
major electrolysis product was C60.
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(a)

(b)

(c)

Figure 3.13 The CVs after CPE of C60Cl30 with addition of a charge equivalent to
(a) 6 electrons, (b) 14 electrons, and (c) 20 electrons. The CVs of the starting material are
shown for comparison as a grey line.

124

Figure 3.14 HPLC in toluene.

In

conclusion,

the

above

experiments

demonstrated

that

C60Cl30

is

electrochemically unstable upon reduction, in contrast to its extremely high thermal
stability. At potentials equal to or more negative than -0.8 V vs. the Fc/Fc+ redox couple,
all 30 Cl-fullerene bonds are broken, generating C60 as a product in both cyclic
voltammetry and bulk electrolysis time scales. This conversion occurs relatively easy,
similar to that of C60Clx, which are much less thermally stable species. The small
potential required for this reaction to occur will probably make C60Cl30 unsuitable for
further applications involving electronic current passing though this molecule.
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Electrochemical Retro-Cycloaddition of Pyrrolidino[3,4:1,2][60]fullerenes
Background
Similar to methano fullerenes, the question of the stability of the
pyrrolidinofullerenes, is essential due to the wide usage of this moiety in fullerene
chemistry. This is especially important for future applications of these derivatives, e.g. to
establish the range of potentials at which the bis-pyrrolidino derivative, 1.1, can be used
for SMT applications. Until recently, pyrrolidinofullerenes, among other fullerene
derivatives, were considered to be the most stable derivatives because they have not been
reported to undergo chemical, thermal, or reductive transformations.

However,

pyrrolidinofullerenes were shown to undergo retro-cycloaddtion reaction under thermal
conditions (Scheme 3.4).49 The efficient removal of a pyrrolidine ring from various
parent fullerenes occurred upon heating in the presence of a highly efficient
dipolarophile.

Scheme 3.4 Retro-cycloaddition reaction of pyrrolidinofullerenes.49
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The retro-cycloaddition reaction appeared to be strongly dependent on the nature of the
substituents on the pyrrolidine ring. In addition, the efficiency of the reaction was
improved with the use of metal Lewis acid catalysts, resulting in quantitative yields.

Oxidative Electrolysis of Pyrrolidinofullerenes
The mechanism of the 1,3-dipolar retro-cycloaddition reaction is still not clear.
Preliminary results suggest that both thermal cycloreversion and oxidative processes
could be at play as possible mechanistic pathways. This latter possibility triggered
further studies of the oxidative electrochemical properties of N-ethyl pyrrolidinofullerene
3.5. Figure 3.15 shows the CV of compound 3.5 in o-diclorobenzene (o-DCB), which
shows three reduction processes, corresponding to the reduction of the fullerene core.

Figure 3.15 The CV of N-ethyl pyrrolidinofullene 3.5 in o-dichlorobenzene.
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The electrochemical quasi-reversibility (∆Epp = 140mV) of fullerene based processes in
this system was due to the resistance of the electrolyte solution. Two oxidation processes
are also present on the CV of 3.5. The second oxidation process, occurring at 1.35 V was
assigned to be a fullerene-based oxidation, since the first oxidation of the C60 cage was
determined to be at +1.26V vs. Fc/Fc+ in 0.1 M (TBA)PF6/TCE at room temperature, as
seen in Figure 3.16.3 The fist irreversible oxidative wave was assigned to a pyrrolidine
based oxidation process, a strong suggestion of the instability of compound 3.5 upon
electrochemical oxidation.

(a)

(b)

(c)

Figure 3.16 CV and OSVW scans for C60 in 0.1 M Bu4NPF6/TCE at room
temperature. CVs were run at a scan rate of 100 mV/s, while OSWVs were run at 60
mV/s. (a) CV with C60, no ferrocene added. (b) Same as (a) after addition of ferrocene.
(c) OSWV of the solution in (b). Reprinted with permission from ref. [3]. Copyright 1993
American Chemical Society.
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To perform the electrochemical oxidation, controlled potential electrolysis was
conducted at a potential 100 mV more positive than this oxidation wave. The electrolysis
was conducted in a typical experimental set up, described later, in o-DCB, containing
0.05M tetrabutylammonium hexafluorophosphate (TBAPF6), with the exclusion of
oxygen and light to eliminate other than electro oxidation pathways for the reaction. After
transferring a charge corresponding to 1.8 electrons per molecule, the electrolysis was
stopped and the solution was reduced at 0 V. Interestingly, the net charge transferred to
the solution upon re-reduction corresponded to only 0.45 electrons per molecule. During
the electrolysis in o-DCB, the appearance of C60 by CV could not be detected due to the
passivation of the electrode surface as a result of the generation of by-products (Figure
3.17). The reaction mixture was purified by column chromatography (silica gel, CS2), and
C60 was obtained in 73% yield (Scheme 3.5).

3.5
Scheme
3.5
Electrochemical
pyrrolidino[60]fullerene 3.5.
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retro-cycloaddition

of

N-ethyl

It is important to mention that when the CPE was conducted beyond 2.5 electrons
per molecule at more positive potentials, a significantly lower yield of C60 was observed.
In addition, the formation of an unknown orange byproduct, not soluble in common
organic solvents, was observed. This could possibly be fullerene dimers, generated from
the cation radicals. CPE at a potential more negative than the first oxidative wave did not
produce any changes in the CV. Thus selection of an optimal potential for the electrolysis
is crucial for efficient removal of the pyrrolidine group.

Figure 3.17 CV scans of compound 3.5, in o-DCB, 0.05 M Bu4NPF6, 100 mV/s
before and after electrolysis and re-reduction.
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In a different experiment, the appearance of C60 during the course of the
electrolysis could be directly detected by CV when the electrolysis was conducted in
dichloromethane, DCM (Figure 3.18). Initially compound 3.5 had low solubility in DCM
(dotted line). Upon reductive electrolysis at the first reductive wave and subsequent
reoxidation, compound 3.5 was solubilized (solid line). This occurred possibly due to the
breakage of fullerene congregates which were not soluble in dichloromethane.
The electrochemical retro-cycloaddition of compound 3.5 led to two important
conclusions. First, for quantitative removal of the pyrrolidine group from the parent
fullerene, the electrochemical oxidation must be performed at a potential corresponding
exclusively to the oxidation of the pyrrolidine moiety but not to the oxidation of the
fullerene cage.

Figure 3.18 CV of compound 3.5, 0.1 M Bu4NPF6, in DCM, 100 mV/s before
and after electrolysis and re-reduction.
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Second, upon re-reduction of the electrolyzed solution back to 0 V, the charge transferred
exclusively to the oxidation of the pyrrolidine moiety but not to the oxidation of the
fullerene cage corresponded to less that one electron per molecule. This indicates that
upon completion of the electrochemical retro-cycloaddition, the parent fullerene is close
to its neutral state. This result established a major difference from the electrochemical
retro-cyclopropanation reaction, during which the fullerene anion is the product of the
reaction. These two findings suggest that the mechanism of the oxidative retrocycloaddition mainly involves the pyrrolidine group with minimal involvement of the
fullerene center.
In order to investigate the selectivity of this electrochemical oxidative retrocycloaddition reaction, fullerene bis-adduct 2.4,50 bearing both an N-methyl pyrrolidino
and a bis(ethoxycarbonyl)methano addends was electrolytically oxidized, to remove the
pyrrolidine ring, and reduced, to remove the bis(ethoxycarbonyl)methano addend. The
synthesis of the mixed bis-adduct 2.4 was described in chapter 2. The selective removal
of a bis(ethoxycarbonyl)methano addend from a similar compound (trans-3 isomer) via
electrochemical reduction was previously reported to occur in 63% yield.32 The reductive
CPE of compound 2.4 was carried out in DCM at a potential 100 mV more negative than
the second reduction peak potential (Figure 3.19 d, arrows up). As a result, compound 2.4
underwent a typical retro-cyclopropanation reaction. The irreversible reductive CV
waves, characteristic of unstable methano addends, disappeared and a new reversible
fullerene-based wave appeared.
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Figure 3.19 MALDI-TOF MS of the compound 2.4 before electrolysis (b); MALDI-TOF of product after
reductive electrolysis of 2.4 (a); MALDI-TOF of product after oxidative electrolysis (c); and (d) CVs of 2.4 before
electrolysis, after reductive electrolysis (arrow up) and after oxidative electrolysis (arrow down) in CH2Cl2, Bu4NPF6,
100mV/s.

3.1

2.4

2.3

Scheme 3.6 Electrochemical retro-cycloaddition and retro-cyclopropanation of
hybrid bis-adduct 2.4 of C60.1

The N-methyl pyrrolidinofullerene 2.3 was formed as the major product (89%), as
evidenced in the MALDI-TOF spectrum, Figure 3.19 a. This demonstrated the instability
of the cyclopropane ring and the stability of the pyrrolidine addend under reductive
conditions, confirming the previously reported results for the trans-3 isomer.32
The oxidative CPE of 2.4 was performed in DCM following the procedure
established for compound 3.5 (Figure 3.19 d, arrow down). After electrolysis, the
irreversible CV behavior due to the methano addend was sustained but the first oxidation
wave, characteristic of the pyrrolidine addend disappeared. The major product (60%
yield) of the electrolysis was identified as bis(ethoxycarbonyl)methanofullerene 3.1.
However, other products with the same molecular ion (MALDI-TOF MS) as the starting
material 2.4, but having different retention factors than 2.4 during TLC analysis were also
present in 30% overall yield. We hypothesize that an isomerization reaction has occurred
during electrolysis and the multiple compounds are isomeric mixed bis-adducts. Most
likely the pyrrolidine group has shuffled on the surface of the C60 sphere, similar to the
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previously observed “walk-on-the-sphere” rearrangement occurring during the retrocyclopropanation reaction.20

Conclusion
Electrochemical oxidative electrolysis can be used as an alternative method to
conduct thermal retro-cycloaddition reactions of fullerene derivatives. The procedure for
a selective removal of the pyrrolidine addend from the mixed fullerene derivatives was
established. The above investigations have also revealed the instability of the pyrrolidine
addends upon oxidative conditions, in addition to their already reported thermal
instability. The oxidative instability factor might present potential difficulties for further
applications of pyrrolidinofullerenes in the preparation of electronic and optoelectronic
devices, where the fullerene species might be exposed to an oxidizing environment, such
as positive potentials. Therefore, the search for functional groups that are stable at wide
potential ranges is necessary. On the other hand, the discovery that fullerene derivatives
can undergo the electrochemical retro-cycloaddition reaction, together with previously
established retro-cycloaddition reaction, expands the toolbox of protection/deprotection
strategies in fullerene chemistry.
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Experimental Procedures
General. HPLC was performed using a Buckyclutcher column, 25 cm X 10 mm,
Regis Chemical Company, and a COSMOSIL® Buckyprep-M Packed Column, 10.0 mm
I.D.×250 mm. Mass spectra were obtained on an Omni Flex MALDI-TOF spectrometer.
Electrochemical measurements. The experiments were performed at room
temperature using a CHI 440 Electrochemical Workstation (CH Instruments Inc, Austin,
Texas). For the electrochemical measurements of compounds 3.2, 3.3, 3.4, and 2.4,
redistilled dichloromethane (CH2Cl2) was used the solvent and 0.1M Bu4NPF6 was used
as the supporting electrolyte. For electrochemical measurements of C60Cl30 and
compound 3.5, o-dichlorobenzene (o-DCB) was used as the solvent and 0.05M Bu4NPF6
was used as the supporting electrolyte.
CV and OSVW measurements were performed at room temperature using a threeelectrode configuration cell. The glassy carbon (CHI, 1mm diameter) electrode was used
as the working electrode unless otherwise specified, platinum wire was used as the
counter electrode, and Ag/AgNO3 as reference electrode. Ferrocene was added as an
internal standard and all potentials were measured relative to the Fc/Fc+ couple. Solutions
were stirred and degassed with argon prior to each voltammetric measurement.
CPE experiments were performed using homemade H-cell cell with a glass frit
separating the two compartments (Figure 3.20). The cell can be simultaneously used for
CV measurements and electrolysis experiment. During the electrolysis a working
electrode (WE1) with large surface area, typically platinum gauze is used in combination
with a pseudo-reference electrode (RE). The pseudo-reference electrode consists of a
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Figure 3.20 Electrolysis set-up.

silver wire immersed in the electrolyte solution containing no analyte species and
separated from the analyte solution by a vicor tip.
The counter electrode (CE) during electrolysis is separated from the analyte
solution by a porous frit to prevent species that are electrogenerated at the CE from
interfering with electrolysis at the working electrode. Because of the instability of the
reduced fullerene species and in order to prevent water contamination the cell is kept
under vacuum at all times. At any given moment the electrolysis can be stopped and the
set-up can be changed externally for CV measurements. During CV experiments WE1 is
used as a counter electrode and another, smaller sized GC or Pt disk electrode is used as a
working electrode (WE2).
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For experiments conducted in CH2Cl2, the solvent was independently degassed by
4 freeze-pump-thaw cycles over CaH2 before it was vapor transferred directly into the
cell. For experiments conducted in o-DCB, anhydrous o-DCB was injected into the cell
and was purged with argon 10 times.
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CHAPTER FOUR
ELECTROCHEMICAL STABILITY OF ENDOHEDRAL TRIMETALLIC NITRIDE
METALLOFULLERENES
Introduction
Alongside the research of empty fullerenes, research on fullerenes encapsulating
various species inside the carbon cages (endohedral fullerenes) has been increasing
rapidly. The first endohedral structures were detected as early as 1985.1 Since then cages
containing metals,2-5 noble gases,6-8 nitrogen9 and phosphorus10 have been isolated and
characterized. The first isolated metallofullerene, La@C822, was reported in 1991. An
interesting characteristic of this fullerene was the charge transfer of three electrons from
the encapsulated La atom to the C82 cage.11 Charge transfer was later found for many
other endohedral metallofullerenes (EMF) revealing the unique feature of metal ions to
stabilize a variety of fullerene cages which are otherwise unobtainable in their empty
forms.5,12,13 Therefore a door into the synthesis of new fullerene cages of different sizes
and symmetries was opened. However major setbacks in EMF research were low
production yields coupled with difficult isolation from fullerene soot containing multiple
isomers.14 In 1999 Dorn and coworkers15 discovered that the introduction of nitrogen gas
into an electric-arc reactor during the synthesis of scandium metallofullerenes resulted in
a relatively high (milligram quantities) yield of a new species, Sc3N@C80. In the
following years other metallofullerenes containing different trimetallic nitride clusters
inside fullerene cages, called TNT EMFs (trimetallic nitride template endohedral
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metallofullerenes), were synthesized. More recently, an improved method for producing
TNT EMFs as major products was developed by Dunsch and coworkers.16-18
Over time a variety of new TNT EMFs with both homogeneous M3N@C2n and
mixed metal nitride clusters AxN3-x@C2n were obtained. These trimetallic nitride clusters
were composed of different metals (Sc, Y, Er, Lu, Gd, Dy, etc.) and were encapsulated
inside cages of various sizes, with the largest being C88.16 Interestingly, the synthesis of
M3N@C2n, using metals of different sizes, ranging from Sc (the smallest) to Gd, led to
the predominant formation of EMFs with

an icosahedral C80 cage, indicating the

exceptional stability of this cage.19 Recently it was discovered during the synthesis of
Nd3N@C2n family that for the Nd3N cluster, whose size is larger than Dy3N, the C80 cage
was no longer dominant and the C88 fullerene was formed as the major encapsulating
cage.20 In addition to the different cage sizes, the synthesis of TNT EMFs also provided
another variation on the endohedral fullerenes: fullerenes that did not follow the isolated
pentagon rule (IPR). Among trimetallic nitride fullerenes several non-IPR fullerenes were
investigated, such as Sc3N@C68,21 Sc3N@C70,22 and Tb3N@C84.23
Characterization studies of TNT EMFs have revealed many interesting properties
of these fascinating molecules.24-42 For example, M3N@C80 fullerenes were shown to be
stabilized by the transfer of six electrons from the endohedral cluster to the C80 cage.13,30
It has also been established that the chemical and electrochemical properties of TNT
EMFs are very different from conventional empty fullerenes and are greatly influenced
by the nature of the encapsulated species. By changing the nature of the encapsulated
species it should be feasible to tune the properties of metallofullerenes. In addition, very
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recently it was shown that for the Gd3N@C2n family the electrochemical properties were
markedly dependent on size of the cage.43

Finally, TNT EMFs possess interesting

magnetic, spectroscopic, and electrochemical properties and are being considered for
MRI contrast agents, nanomaterials, and in molecular electronics applications.5,20,30
However, since these compounds have relatively low solubilities in most solvents,
functionalization is necessary in order to enhance their solubilities.
The chemistry of TNT EMFs is a new area of research that has intensified only
after these materials became available in gram-scale quantities. So far, the
functionalization of TNT EMFs was accomplished by using various addition reactions
similar to those developed earlier for empty fullerenes. The chemical reactivity of
endohedral fullerenes has proven to be very different from that of their empty cage
counterparts.29,33,38,44,45 This difference arises partly from the influence of the
encapsulated metallic cluster with the carbon cage.

Figure 4.1 Two types of double bonds on the Ih C80 cage available for addition
reactions: on the left, a [6,6] ring junction adjacent by two hexagons, and on the right, a
[5,6] ring junction adjacent by a hexagon and a pentagon.29
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Figure 4.1 shows the two types of available double bonds for the specific case of the
icosahedral symmetry C80 cage. Addition reactions can occur at either of these junctions
unlike C60, which only has double bonds at [6,6] junctions.
The first TNT EMF derivative, a Diels-Alder cycloadduct of Sc3N@C80 at a [5,6]
junction, was reported by Dorn and coworkers in 2002.46 It was not until 2005 that other
types of functionalized TNT EMF were reported.33,41,42 Interestingly, another type of
reaction, the 1,3-dipolar cycloaddition of an N-ethyl azomethine ylide, occurs either at
[5,6] or at [6,6] double bonds depending on the metal cluster.33,41 When the metal cluster
was Sc3N, the only product recovered was the adduct at a [5,6] double bond, just as in the
case of the Diels-Alder derivatives. On the other hand, when Y3N@C80 or Er3N@C80
were encapsulated into C80,, the 1,3-dipolar cycloaddition reaction occurred at a [6,6]
double bond junction. These [6,6] mono-adducts were later proven to be the kinetic
products and underwent rearrangement to the thermodynamically more stable [5,6]
mono-adducts upon heating.29 When an N-trytil azomethine ylide was employed instead
of N-methyl or N-ethyl azomethine ylides both, the [6,6] and [5,6] pyrrolidine monoadducts of Sc3N@C80, were isolated,30 similar to the earlier reported N-trityl pyrrolidine
derivative of La@C82 reported by Akasaka et al.24 These experimental results, as well as
theoretical calculations by Poblet and Echegoyen,47 indicate that the pyrrolidine adduct
is kinetically favored at the [6,6] sites. Thermal rearrangement to the [5,6] site is
facilitated by the heteroatom on the pyrrolidine ring, giving rise to energetically preferred
the [5,6] mono-adduct (Figure 4.2).
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Figure 4.2 “Proposed mechanism for the isomerization of the 6,6 regioisomer of
Y3N@pyrrolidino-C80 to the 5,6 regioisomer”.47

The rate of this rearrangement not only depends on the internal cluster but on the
pyrrolidine addend itself. The interesting electrochemical properties of these species have
also been studied.29
Interestingly, no methano addend derivatives at [5,6] junctions have been isolated
on EMFs. The [2+1] cycloaddition of bromodiethylmalonate (the Bingel-Hirsch reaction)
in the presence of 1,8-diazabicyclo[5.4.0]-undec-7-ene (DBU) produced extremely stable
derivatives with Y3N@C80 and Er3N@C80 while Sc3N@C80 did not react under the same
experimental conditions.29,33 1H NMR and electrochemical characterization seemed to
indicate that the addition during the Bingel-Hirsch reaction occurred at a [6,6] double
bond site.
In this chapter investigations of the stability of the [5,6] pyrrolidino derivative of
the trimetalic nitride EMF, Sc3N@C80, under electro-oxidizing conditions are described.
Additionally,

the

synthesis

and

characterization

of

the

other

bis(alkoxycarbonyl)derivatives of Y3N@C80, obtained as the products of a Bingel-Hirsch
reaction are explored. During these studies, the unusual electrochemical behavior of
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TMS-methano species derived from the Y3N@C80 led into more detailed, investigations
in order to elucidate the structure of these intriguing molecules.
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Electrochemcal Retro-Cycloaddition of Endohedral Trimetallic Nitride Fullerenes
Similar to N-pyrrolidino[60]fullerenes, the pyrrolidino derivatives of EMFs were
found to be able to undergo thermal retro-cycloaddition reactions.48 Upon heating Nethyl pyrrolidine derivative in the presence of maleic anhydride, used as catalyst,
Sc3N@C80 was produced in 93% yield, Scheme 4.1.

Scheme 4.1 1,3-Dipolar retro-cycloaddition of N-ethylpyrrolidino-Sc3N@C80.48

We decided to investigate the stability of pyrrolidino derivatives of Sc3N@C80
under electrooxidizing conditions to establish whether the pyrrolidino derived EMF also
undergoes electrochemical retro-cycloaddition reaction, similar to empty fullerenes.
Compound 4.1 was synthesized following a previously reported procedure.41,49
The CV of 4.1 in o-DCB displays three reversible reduction waves and three
irreversible oxidative waves (Figure 4.3, top). The first oxidative wave of the N-ethyl
pyrrolidino derivative of Sc3N@C80, at 0.32 V corresponds to the pyridine-based
irreversible oxidation.

149

4.1
Scheme 4.2 Electrochemical retro-cycloaddition of N-ethyl pyrrolidinofullerene
Sc3N@C80.

Figure 4.3 CV of compound 4.1, 0.05 M Bu4NPF6, in o-DCB, 100 mV/s before
and after oxidative electrolysis.49
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Interestingly, in pyrrolidino derivatives of C60 the pyrrolidine-based oxidation occurs
550mV more positive, suggesting that the retro-cycloaddition of 4.1 should occur much
easier.
The CPE of compound 4.1 was conducted at a potential 100 mV more positive
that the first reduction wave potential. After transferring a charge corresponding to 1.5
electrons per molecule and re-reduction to zero potential the voltammogram showed
drastic changes. The CV behavior of the fullerene species present after the electrolysis
became irreversible on the negative potentials scan, which is characteristic of Sc3N@C80
behavior in o-dichlorobenzene.29,49 After purification of the electrolysis product by
column chromatography on silica gel (SiO2) with CS2 as eluent, Sc3N@C80 was obtained
in 90% yield. The higher yield of the retro-cycloaddtion in the case of the N-ethyl
pyrrolidino derivative of Sc3N@C80 relative to the N-ethyl pyrrolidino derivative of C60
is consistent with the much smaller potential required for the endohedral metallofullerene
4.1, far from the solvent/electrolyte oxidation onset.

Conclusion
The applicability of the electrochemical retro-cycloaddition reaction to
endohedral metallofullerene species was established. Similar to empty fullerenes, the
pyrrolidino derivatives of Sc3N@C80 were found to be unstable under electrooxidizing
conditions. The electrochemical removal of the pyrrolidine addend from the Sc3N@C80
occurred very efficiently, consistent with the small oxidation potential required for this
reaction. The electrochemical retro-cycloaddition of the [5,6] N- pyrrolidine derivatives
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of Sc3N@C80 can be now applied during the separation of pure isomers, for example as a
method to extract Ih M3N@C80 from mixtures containing D5h isomers.
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First Trimetallic Nitride Endohedra Fulleroid
Background
As mentioned earlier, the Bingel-Hirsch reaction with empty cage fullerenes such
as C60 leads to the formation of methanofullerenes with a [6,6] cyclopropane closed
structure.50 The crystal structure of EMF derivatives obtained from cycloadditions at
[6,6] sites show “closed” [6,6] adducts. For instance, the 1,3-dipolar cycloaddition of
azomethine ylides produced fullerene derivatives ([6,6]-closed) according to the crystal
structure of the [6,6] N-trityl pyrrolidino-Sc3N@C80 regioisomer.30 Therefore, the initial
assumption was that the functionalized EMF after the Bingel-Hirsch reaction was a
“closed” [6,6] bis(ethoxycarbonyl)methano derivative, similar to what occurs with empty
fullerenes.
The unexpected reactivities of EMFs have been demonstrated by several
examples. When Akasaka and co-workers tried the Bingel-Hirsch reaction on La@C82,
unconventional products were isolated:27,40 Four diamagnetic singly-bonded isomers,
La@C82[CBr(COOC2H5)2],

and

one

paramagnetic

methano-adduct

(La@C82C(COOC2H5)2) whose anion ([La@C82C(COOC2H5)2]-) displayed similar

13

C

NMR resonances to that of the anion of the [6,6]-open derivative of La@C82,
La@C82(Ad), were obtained obtained by carbene addition.51. By conducting the BingelHirsch reaction on Y3N@C80, we have synthesized Y3N@C80[C(COOCH2C2H5)2] and
Y3N@C80[C(COOCH2C6H5)2]

and

carried

spectroscopic, X-ray and computational analysis.
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out

their

thorough

electrochemical,

Results and Discussion
Earlier NMR studies29 of Y3N@C80[C(COOCH2C2H5)2] (4.2) showed that the
addition during the Bingel-Hirsch reaction occurs at a [6,6] ring junction and the [5,6]
regioisomer is not formed during the reaction. To establish whether compound 4.2
undergoes rearrangement to the [5,6] isomer, it was heated for 21 h at 180 0C . Since no
observable changes took place we concluded that the diamagnetic [6,6]-methano adducts
are thermally very stable. As discussed in Chapter 3, bis(alkoxycarbonyl)methano
fullerenes are known to undergo facile reductive retro-cyclopropanation reaction.
Therefore, we assumed that it would be possible to remove the methano addend by
chemical or electrochemical reductive means.
The reductive CPE of bis(ethylcarboxy) derivative of Y3N@C80 4.2 was
conducted at a potential 100mV more negative than the second reduction wave in o-DCB
in a typical set-up described in section 3.4. After the addition of charge equivalent to one
electron per molecule, the CV characterization showed no changes (Figure 4.4 a).
Electrolysis was continued further and then stopped when the total charge transferred to
the solution was equivalent to two electrons per molecule. Usually, in case of
bis(ethylcarboxy)methano derivatives of empty fullerenes, at the point when the total
charge added is equal to two electrons, one methano bridge is efficiently removed from
the fullerene sphere. However, as seen from Figure 4.4 a, the CV behavior of compound
4.2 remained the same.
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4.2
(a)

(b)

Figure 4.4 Electrolysis of Y3N@C80-C(COOCH2Et)2. (a) CV of 4.2 in 0.05 M
Bu4NPF6 in o- DCB; scan rate, 100 mV/s before electrolysis, and after subsequent
addition of two electrons; (b) CV of 4.2 in 0.1 M Bu4NPF6 in DCM; scan rate, 100 mV/s
after four electron per molecule electrolysis.

155

The appearance of the large oxidative peaks was the only observable change,
probably caused by generation of byproducts (possibly Cl-) formed because of the
decomposition of the solvent upon passing electrons to the solution.
The analysis of the electrolysis product by TLC and NMR confirmed that
compound 4.2 was the only fullerene species present after electrolysis. In the other CPE
experiment (Figure 4.4 b), the electrolysis was conducted until the charge transferred to
the solution reached four electrons per molecule. The CV characterization of the fullerene
species at that point was obstructed by the formation of the by-products as again
evidenced by the appearance of large oxidative peaks. However, the TLC and NMR
characterization of the electrolysis product proved it to be pristine compound 4.2. It is
clear that during the reductive CPE of this compound, no retro-cyclopropanation reaction
took place.

Figure 4.5 MALDI of [bis(ethoxycarbonyl)methano-[6,6]-Y3N@C80] after
chemical reduction with sodium metal in THF.52
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In similar fashion, exposure to sodium metal in THF under vacuum resulted in
fragmentation of the malonate groups, but the methano carbon remained attached to the
Y3N@C80 cage, as observed by MALDI-MS (Figure 4.5).
So far, attempts to crystallize 4.2 to characterize its structure by X-ray
crystallography were not successful. Therefore, an analogous derivative, the
bis(benzyloxycarbonyl)methano adduct of Y3N@C80 (4.3) was synthesized.

4.2

Figure 4.6 Top, CV of 4.2 (0.66 mM) in 0.05 M nBu4NPF6 in o-dichlorobenzene;
scan rate, 100 mV/s. Bottom, Square Wave Voltammetry (SWV).52
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Table 4.1 Redox potentials[a] of the 0.66 mM fulleroid (Y3N@C80-C(CO2CH2Ph)2) given
in volts relative to ferrocene/ferrocinium couple in o-dichlorobenzene
Y3N@C80-C(COOCH2Ph)
Epc

Ered,1

Ered,2

Ered,3

Eox,1

Eox,2

Ered,1

Ered,2

Eox,1

-1.44

-1.91

-2.33

0.54

0.94

-1.43[b]

-1.89[b]

0.54[b]

0.64

1.16

0.66[b]

0.62

1.13

E1/2= 0.6[b]

Epa
OSWV

Y3N@C80-C(COOCH2Et)

-1.39

-1.85

-2.26

[a] Conditions: supporting electrolyte: 0.05 M Bu4NPF6; working electrode: platinum
disk (1mm diameter); counter electrode: platinum wire; reference electrode: Ag/AgNO3;
scan rate, 100 mV/s; [b] potential values taken from ref.29

The CV characteristics (Figure 4.6) of Y3N@C80 derivative 4.3 possessing the
benzyloxycarbonyl groups are very similar to those reported earlier for Y3N@C80
derivative 4.2 with ethyloxycarbonyl groups.29 The potential values corresponding to the
fullerene-based oxidations and reductions are very similar for these compounds (Table
4.1). The new, third reduction process observed on the CV scan of 4.3 probably
corresponds to the reduction of the benzene rings of the addend and not to the fullerene
cage.
The X-Ray analysis of bis(benzyloxycarbonyl)methano adduct 4.3 was conducted
by C. J. Chancellor, Prof. Olmstead, and Prof. Balch of the University of California,
Davis. The crystals of 4.3 were grown over a period of nine months by gradual
evaporation of a solution in chloroform with layers of benzene and acetone placed above.
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Figure 4.7 A drawing of the X-ray structure of the Bingel adduct Y3N@C80C(CO2CH2Ph)2 with 50 % thermal contours for those atoms refined anisotropically and
uniform circles for the carbon atoms of the fullerene. Only one orientation of the
fullerene cage is shown and only the major orientation of the Y3N group is shown.
Interatomic distances: Y1-N, 2.066(8); Y2-N, 2.042(9); Y3-N, 2.098(9) Å.52

The structure derived from the x-ray analysis is shown in Figure 4.7 which confirmed
that the addition of the bis(benzyloxycarbonyl)methano addend occurred at a [6,6] ring
junction.
Unexpectedly, the X-ray structure revealed that this methano-adduct 4.3 was a
fulleroid of Y3N@C80. Although some disorder in the cage orientations was present, it is
clear that the C1--C9 distance at the [6,6] ring junction of Y3N@C80-C(CO2CH2Ph)2
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where the addend resides was 2.30(3) and 2.28(4)Å, much longer that the average C--C
bond length, which is typically 1.421(18) Å in Ih Sc3N@C80.46 Therefore the original
C1—C9 (Figure 4.7) bond in Y3N@C80 must have been broken or opened upon
derivatization. The only EMF fulleroid reported to date was a La@C82 fulleroid obtained
during a modified carbene addition reaction of an adamantylidene. In its case, the length
of the “open” bond between the carbons at the [6,6] ring junction was reported to be
2.097Å.51
Another significant finding of the X-ray analysis of Y3N@C80-C(CO2CH2Ph)2,
and perhaps a key insight into its high thermal, chemical and electrochemical stability
was that Y1 in compound 4.3 is positioned near the site of the “open” bond between C1
and C9. Several Y--C contacts were found at the addition site with the range of distances
between yttrium and carbon between 2.47 and 2.57 Å. Interestingly, in the case of
La2@C82, the La atom was also positioned at the adamantylidene moiety addition site,
and the distance between the La and each carbon of the “open” bond was 2.658 and 2.634
Å, respectively. The other yttrium atoms in 4.3 were found to be positioned further away
from the carbons of the fullerene cage.
The fulleroids of C60 are known to occur at [5,6]-sites and to date there are no one
examples of Bingel-Hirsch derived “fulleroids”. Recently, the first [6,6]-open derivative
of C60 was reported: a C60(CF2) fulleroid produced when C60 was refluxed with
CF2ClCOONa.53 The paramagnetic La@C82C(COOC2H5)2 reported by Akasaka et al.
could possibly be a fulleroid, but only NMR evidence of its anion form was available.27
The methano-fulleroid of Y3N@C80 presented here is the second EMF-fulleroid
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characterized by X-ray crystallography where the adduct is positioned at an open [6,6]site. As described earlier, Akasaka et al. reduced the paramagnetic La@C82adamantylidene to be able to characterize it by NMR.51 In our case, the Y3N@C80 and its
derivatives are diamagnetic, but we are restricted by limited quantities to perform a
complete NMR characterization. Therefore, we decided to prepare

13

C-labeled

bis(benzyloxycarbonyl) bromomalonate to conduct the Bingel-Hirsch reaction with
Y3N@C80 (Scheme 4.3).
1

H NMR of the product clearly shows that the benzylic methylenes are prochiral,

giving rise to an AB doublet of doublets in the unlabeled product, which in turn splits
into two symmetric signals in the

13

C-labeled product due to the coupling with the

benzylic-carbon (Figure 4.8).

Scheme 4.3 Synthesis of the Y3N@C80-C(CO2CH2Ph)2.
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13

C

Figure 4.8 Comparison of the 1H NMR spectra of both the
labeled methano adduct of Y3N@C80.52

13

C-labeled and not

The HMQC and the 13C NMR spectra of the methano product clearly display two
resonances corresponding to the two types of 13C-labeled carbons: the benzylic carbons at
69.54 ppm and the methano carbon at 61.46 ppm (Figure 4.9). The fact that only one
benzylic resonance was present confirms that addition occurred at a [6,6]-site. The
chemical shift of the methano carbon is similar to that of Akasaka’s derivative at 65.74
ppm for the anion of La@C82C(COOC2H5)2.27
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Figure 4.9 HMQC (bottom) and 13C NMR spectra (labeled starting material (top)
and that of the methano product (bottom)) in CDCl3.52
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The

UV-Visible

spectrum

(Figure

4.10)

suggests

that

this

bis(benzyloxycarbonyl)methano derivative is in fact a fulleroid since its behavior
resembles that of pristine Y3N@C80. For comparison, we have included the spectrum of
the N-ethyl [5,6]-pyrrolidino derivative of Y3N@C80, which has been characterized as a
closed fullerene species by X-ray crystallography.32 The latter displays major spectral
differences that cannot be attributed to the addend itself such as the large absorption at
842 nm which is absent from the spectra of the methano derivative and Y3N@C80.

Figure 4.10 UV-Visible spectra of Y3N@C80-C(CO2CH2Ph)2 (33 µM, solid black
line), Y3N@C80 (38 µM, dotted line), and Y3N@C80-(CH2)2NEt (28 µM, solid grey
line).52
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Computational Studies
The encapsulated trimetallic nitride nitride cluster of Y3N@C80 can freely rotate
in the fullerene cage. Upon functionalization, the rotation becomes hindered and
“orientational” isomers emerge, e.g after 1,3-dipolar cycloaddition.31,47,54 To analyze the
possible orientational isomers of compounds 4.2 and 4.3 computational studies were
performed by Antonio Rodríguez-Fortea and Prof. Poblet of Universitat Rovira i Virgil,
Tarragona, Spain. The computational model is calculated for Y3N@C80-C(COOCH3)2,
where the ethyl and benzyl groups of the adducts are substituted by simpler methyl
groups. The representative isomers due to different positions of the Y3N cluster relative
to the theoretically possible [5,6] and [6,6] addition sites are shown in Figure 4.11 and
their calculated energies are given in Table 4.2.

Figure 4.11 Representation of the relative position of the TNT unit with respect
to the position of external functionalization for the different isomers computed in this
work.52
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Table 4.2 Bond energies[a] (in kcal/mol) for the different product isomers of the
Bingel-Hirsch reaction of Y3N@C80.[b]

Isomer

[5,6]

[6,6]

I1

-73.0

(4.8)

-77.7

(0.0)

I2

-60.4

(17.4)

-51.6

(26.2)

I3

-74.4

(3.4)

-77.3

(0.5)

I4

-73.8

(3.9)

-75.6

(2.2)

I5

-45.7

(32.1)

-46.3

(31.5)

I6

-57.0

(20.7)

-52.3

(25.4)

I7

-48.5

(29.3)

-50.4

(27.3)

I8

-49.5

(28.2)

-49.1

(28.6)

[a] The bond energies (BE) are defined in the following way: BE=E[product]E[Y3N@C80]-E[C(COOCH3)2]. [b] Relative energies (in kcal mol-1) with respect to the
lowest energy minimum in parenthesis. The bond energies for the products of the BingelHirsch reaction to the [5,6] and [6,6] bonds of C80 are -63.9 and -57.9 kcal/mol,
respectively.52

The isomers with one of the yttrium atoms directed towards the methano group
addition site with the “open” bond exhibit the lowest energies. The energy of the other
orientational isomers is much higher (>17 kcal·mol-1). The [6,6] isomer I1 is the most
stable structure, corroborating the X-ray analysis data.
The orientation of the Y3N cluster relative to the [6,6]addition site in Y3N@C80C(CO2CH2Ph)2 is different from the orientation of the Y3N cluster in the pyrrolidino[5,6]
adduct, where one yttrium, instead of being close to the addition site, is pointed away and
the other two yttrium atoms straddle the [5,6] addition site.32
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Proposed Mechanism for the [6,6] Bond Opening
The above results, together with recent literature reports, indicate that the BingelHirsch reactions, as well as carbene addition reactions, result in the formation of different
adducts than those observed with empty cages. Based on the capability of Y3N@C80 to
undergo cycloaddition reactions, with the formation of pyrrolidine adducts, and on its
established reactivity at [6,6] double bonds, we propose that the bromomalonates add
through the recognized Bingel-Hirsch cycloaddition mechanism. If the product formed
via this pathway was the “closed” [6,6]-methano addend, then it must be unstable, similar
to the [6,6]-pyrrolidino derivative.29 However, unlike the [5,6] pyrrolidino adduct, the
methano intermediate is incapable of re-arranging to the more stable [5,6]-adduct because
it lacks the heteroatom required for the rearrangement mechanism, as previously
proposed.29,47 Instead, it is possible that after the addition to the [6,6]double bond of
Y3N@C80, a thermally induced norcaradiene rearrangement occur.

Scheme 4.4 Proposed norcaradiene rearrangement after the Bingel-Hirsch
cycloaddition to form the Y3N@C80-C(CO2CH2Ph)2 fulleroid.52
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This rearrangement results in a cleavage of the cyclopropane ring, producing an opening
in the fullerene cage and reintroducing a double bond to the cage (Scheme 4.4).

Conclusion
The Bingel-Hirsch reaction product derived from Y3N@C80 was found to be
highly stable under thermal, chemical, and electrochemical conditions, in contrast to the
products of the same reaction derived from empty fullerenes. After a thorough
experimental and theoretical characterization and analysis of the ethyl and benzyl
malonate mono-adducts of Y3N@C80, we conclude that its stability must be attributed to
its cage-open fulleroid structure. Such a structure allows for planarity of the trimetallic
cluster inside the carbon cage and for the C80 cage to retain its sp2 character. The
introduction of this “handle” onto the Y3N@C80 structure and its exceptional stability can
be potentially useful for the incorporation of this type of molecules into nanodevices
without the risk of decomposition exhibited by some other pyrrolidino adducts.
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Experimental Procedures
General.

Commercially available materials were used as received unless

otherwise specified. 1H and

13

C NMR spectra were recorded on a Bruker 500 MHz and

referenced to TMS or the solvent used, as noted. UV/Visible spectra were measured with
a Shidmadzu UVPC- 3101 spectrophotometer using a quartz cell with 1 cm path length.
Electrochemical experiments. Electrochemical measurements were performed
at room temperature using a three-electrode configuration cell. The glassy carbon (CHI,
2mm) electrode was used as the working electrode, platinum wire was used as the
counter electrode, and Ag/AgNO3 as reference electrode. Solutions were stirred and
degassed with argon prior to each voltammetric measurement. The CPE experiments
were performed using home made cells as described in section 3.4.
13

C-labeled dibenzylmalonate. 13C-labeled malonic acid (51.6 mg, 0.49 mmol),

4-dimethylaminopyridine (58.7 mg, 0.48 mmol), and t-butyl alcohol (64.8 mg, 0.48
mmol) were stirred under argon in CH2Cl2 (30 mL). Following the addition of the 13Clabeled benzyl alcohol (250 mg, 2.3 mmol), the mixture was cooled to 0-5 oC and DIC
(0.22 mL, 1.4 mmol) was added dropwise. The mixture was allowed to reach room
temperature slowly and stirred for 4 days. The crude product was purified by column
chromatography (SiO2, CHCl3) to produce 57.7 mg of the desired compound (41%, 0.20
mmol). 1H NMR (500 MHz, CDCl3): δ = 7.30-7.34 ppm (m, 10 H), 5.16 ppm (d,
JHC=148.3 Hz, 4 H), 3.46 ppm (d, JHC=123.3 Hz, 2 H). 13C NMR (125 MHz, CDCl3): δ =
166.44, 166.42, 165.96, 165.94 135.39, 135.00, 128.57, 128.54, 128.39, 128.27, 128.24,
67.24, 41.55 ppm.
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13

C-labeled bromodibenzylmalonate.

13

C-labeled dibenzylmalonate (18.6 mg,

0.065 mmol) and CBr4 (21.3 mg, 0.64 mmol) were dissolved in CH2Cl2 (5 mL) under
argon. The solution was cooled to 0-5 oC and DBU (0.009 mL, 0.060 mmol) was
injected. After 10 min, the solvent was evaporated, the residue was purified by
preparative TLC, and 10.6 mg of the desired product were obtained (45%, 0.029 mmol).
1

H NMR (500 MHz, CDCl3): δ = 7.29-7.35 ppm (m, 10 H), 5.22 ppm (d, JHC=146.9 Hz,

4 H), 4.91 ppm (d, JHC=160.0 Hz, 2 H);

13

C NMR (125 MHz, CDCl3): δ = 134.68,

128.68, 128.65, 128.34, 128.31, 68.75, 42.24 ppm.
Y3N@C80-13C(CO213CH2Ph)2

(4.3).

13

C-labeled bromo-dibenzylmalonate (10.6

mg, 0.029 mmol) and DBU (0.0045 mL, 0.030 mmol) were dissolved in CH3CN (4 mL).
This solution was added dropwise to a solution of Y3N@C80 (5.07 mg, 0.0041 mmol) in
o-dichlorobenzene (5 mL). After stirring for 10 min under argon, the reaction mixture
was purified by column chromatography (SiO2, CS2 followed by CHCl3). Unreacted
Y3N@C80 (3.38 mg, 0.0027 mmol) was recovered from the CS2 fraction and 1.6 mg of
the desired monoadduct was collected in the CHCl3 fraction (76%, 0.0010 mmol). UVVis (o-dichlorobenzene): λmax, 401 nm (ε, 1.2 x 104), 547 nm (shoulder), 688-705 nm (ε,
1.1 x 103). 1H NMR (500 MHz, CDCl3): δ = 7.39-7.34 ppm (m, 10 H), 5.28, 5.32, 5.58,
5.62 ppm (four dd, JHC=129.8, JHH=12 Hz, 4 H); 13C NMR (125 MHz, CDCl3): δ = 69.54,
61.46 ppm. MALDI-MS (1,8,9-trihydroxyanthracene): m/z calcd for C97H14NO4Y3:
1522.81 [M]+; found 1521.88.
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Table 4.3 UV-Vis Comparison.
Y3N@C80 (28 M)

Y3N@C80-C(CO2CH2Ph)2
(2)

Y3N@C80-(CH2)2NEt

max (nm)
408
547
664
695

Absorption
0.398
shoulder
0.023
0.019

(M-1cm-1)
1.4 X 104

401

0.388

1.2 X 104

547
688-705

shoulder
0.036

1.1 X 103

398
556
842

0.302
shoulder
0.015

8.2 X 102
6.8 X 102

7.9 X 103
3.9 X 102

Figure 4.12 MALDI-MS of Y3N@C80-C(CO2CH2Ph)2 (4.3) with 1,8,9trihydroxyanthracene as matrix.52
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Figure 4.13 HPLC trace of Y3N@C80-C(CO2CH2Ph)2 (2): Buckyprep-M, 1%
pyridine/toluene, 4 mL/min, 310 nm.
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